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Being forever without desire, you look deeply into the transcendent.
By constantly harbouring desire, your vision is beset by all the things around
you.
— Lao Tzu
Dedicated to my family.
Yuan Li, Li Jun, and Scott

A B S T R A C T
Ultra-high strength steels are widely used in fatigue critical load carrying aerospace
components, such as the landing gear. These steels are able to operate at very
high service stresses, but their drawback is that they are fracture sensitive and
have limited toughness. Therefore, crack propagation from common damage
scenarios, such as stress corrosion and fatigue, is a problem to the structural
integrity. These components are very difficult to repair and are usually replaced
when the grind-out of the damage exceeds dimensional limits, leading to an
expensive and time consuming replacement procedure.
This project explores the possibility of implementing laser cladding to repair
ultra-high strength steels. Laser cladding uses a laser beam to melt an alloy
powder creating a clad layer that fuses with the substrate material. The aim
is to re-build the geometry in a grind-out which has exceeded the permissible
limit to restore the mechanical properties, especially fatigue properties, back to
a minimum safety level.
Results indicate that the repair of AISI 4340 and AerMet R©100 ultra-high
strength steels, using powders of the same composition, can produce a clad
layer with a good fusion bond and very little defects. However, the thermal cy-
cling during the cladding process results in very rapid heating and cooling rates.
As a result, the microstructure in and around the repaired regions leads to very
brittle properties, significantly reducing the fatigue life. Changing the powder
composition demonstrated flexibility to improving the fatigue properties. Also,
post clad heat treatment offers control of the microstructure, therefore opportu-
nities for accurate tailoring of the fatigue properties. The overall results show
that laser cladding offers a very promising path to restore and possibly increase
the structural integrity of damaged ultra-high strength steel components.
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Part I
I N T R O D U C T I O N

1
P R O J E C T O V E RV I E W
1.1 ultra-high strength steel components in aircraft
Ultra-high strength steel is a very important and widely used material in mod-
ern aircraft components where high critical loads are encountered, such as
landing gear component, as shown in Figure 1.1. Ultra-high strength steels typ-
ically used in aircraft components include AISI 4340, AerMet R©100, and 300M,
mostly heat treated above an ultimate tensile strength of 1600 MPa. They pro-
vide significant structural benefits due to their high strength and very good
fracture toughness properties, which allows the component to handle high im-
pact loads. The other major benefit of the high strength characteristic is that the
volume of the material can be minimised, which is extremely important since
the landing gears are retracted into a compartment with limited space [1].
Figure 1.1: F/A-18 landing gear component [1]
However, ultra-high strength steels are highly susceptible to Stress Corrosion
Cracking (SCC) and are particularly sensitive to brittle fracture [2, 3]. SCC is an
environmentally assisted fracture mode causing a failure well below the yield
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strength of the material [4, 5]. Landing gears are the second most reported
failures on aircraft [6], with fatigue and SCC the two main factors of failures
leading to brittle fracture modes and sudden unexpected failure [6], as shown
in Figure 1.2.
(a) (b)
Figure 1.2: (a) Fracture of an AISI 4340 steel landing gear (b) Cross-section view with
arrow indicating crack initiation from stress corrosion [6]
1.2 rationale
The corrosion or fatigue damage leads to rapid crack propagation (Figure 1.3a),
usually in the order of a few microns, and if left unchecked, the cracks emanat-
ing from corroded areas, and due to the sensitivity nature to brittle fracture,
may cause a component to fail catastrophically [7]. It is extremely important,
especially to aircraft’s airworthiness, that a small crack in the order of a few
microns receives immediate attention.
A common scenario is the discovery of small regions of damage from im-
pact or corrosion, and a need to grind out the damage, leaving a smooth blend
profile. Unfortunately, when the crack size exceeds the dimensional limits of
a grind-out profile (Figure 1.3b), the grind-out method becomes impractical.
This is an indication that the component must be completely replaced, result-
ing in expensive replacement cost and possibly long replacement lead-time.
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Once the damage has exceeded dimensional limits, instead of replacing the
component, geometry restoration can be applied. One possible solution is by
depositing an alloy metal, of similar composition, to restore the integrity of the
component back to a minimum safety level, as shown in Figure 1.3c. Finally,
machining and protective surface coating can be applied to restore the surface
properties and component returned to service Figure 1.3d. The potential pay-
off is large, since a successful method would allow manufacturers and users
to maximise the useful service life of costly parts, and component replacement
may be avoided, together with the associated lost availability. One potential re-
pair method, which has received very limited attention for ultra-high strength
steels, is a process called laser cladding.
(a) Crack initiation from surface (b) Grind-out repair exceeds dimen-
sional limits
(c) Restore geometry (d) Protective coating and surface fin-
ish
Figure 1.3: Outline of the potential repair
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1.3 laser cladding
The laser cladding process is a material building technology that uses a laser
beam to melt and solidify an alloy powder, of similar or different composition,
on an area of the substrate material. This creates a clad layer that is fused with
the substrate material. The three most common methods of laser cladding are
schematically shown in Figure 1.4: (1) pre-placed powder (, (2) powder feeder
with side injecting nozzle, and (3) powder feeder with coaxial nozzle.
(a) Pre-placed powder (b) Powder feeder with a side injecting nozzle
(c) Powder feeder using coaxial injecting nozzle
Figure 1.4: Schematic of the three types of laser cladding process
The pre-placed powder method is also known as a two-step laser cladding
process [8]. The idea is to clad by scanning the laser beam over a pre-deposited
powder (Figure 1.4a). The two stages include a chemical binding phase and a
remelting phase. Chemical binding is used to ensure the pre-placed powder is
glued to the substrate and not disturbed by the shielding gas flow. The remelt-
ing phase involves the creation of a melt pool. One concern with this process
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is that the chemical binder may evaporate during cladding causing porosity in
the clad layers [9].
Laser cladding using the powder injection process, developed by Steen [10],
involves the delivery of the powder with the assistance of a carrier and shield-
ing gas [11]. Shielding gas is required to protect the powder and melt pool
from environmental effects such as oxidation. Both powder and laser beam are
targeted at the designated clad area to form the melt pool. Schneider [8] demon-
strated that powder injection was more robust than the preplaced method. Sig-
nificant advantages include: (1) flexibility, (2) less sensitivity to variations of
laser parameter, (3) less porosity produced, and (4) the ability to incorporate
complex geometry. On the other hand, pre-placed powder offers more simplic-
ity and is particularly useful for a small and flat substrate that needs a single
cladding track [11]. However, if the surface to be clad is not flat, or when a
large area needs to be covered by multiple clad layers, the use of a powder
injection mechanism is required [8].
Currently, there are two types of powder injection nozzles for laser cladding:
(1) side injecting and (2) coaxial. The side injecting nozzle is independently
attached to the laser and the powder is delivered from one side of the laser
(Figure 1.4b). This makes the cladding process directionally dependent so this
type of nozzle is commonly used for cladding shafts and more inaccessible
surface. The coaxial nozzle is usually attached to the laser and the powder is
delivered co-axially with the laser beam (Figure 1.4c). This allows deposition
independent of direction and also for additive manufacture of parts and com-
ponents. Co-axial powder delivery is more energy efficient, as compared to
side injecting nozzle, since 90% of the laser energy is absorbed by the powder
[12].
There are three formations of clad layers that can be produced. (1) Single
track clad layer - a single pass of the laser (Figure 1.5a). (2) Multi-track clad
8 project overview
layer - creates an overlapping clad layer beside the first track (Figure 1.5b).
As the laser beam does not cover the entire area to be cladded, moving the
substrate using a suitable traverse speed, in a continuous motion enables full
coverage and forms the multiple track clad. (3) 3D design of clad layer - clad
directly over top of the previous multi-track clad to form different build and
shapes (Figure 1.5c). This is typically used by a coaxial nozzle for additive man-
ufacturing where the entire component is built using a suitable alloy powder
[13, 14].
(a) Single track clad layer (b) Multi-track clad layer
(c) 3D design of a clad layer
Figure 1.5: Schematic of the three types of clad tracks
The cladding process produces four regions in the material, as shown schemat-
ically in Figure 1.6, which includes: (1) clad layer, (2) melt zone, (3) Heat Af-
fected Zone (HAZ), and (4) unaffected substrate. The clad layer is formed as a
result of rapid solidification process (melted metal powder to solid state struc-
ture). The melt zone is a mixture of the powder and base material. Since high
temperatures are experienced, a portion of the substrate, below the melt pool,
experiences changes to the original microstructure, known as the HAZ.
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Figure 1.6: Cross-section view of a multi-track clad layer showing the 4 different zones
Laser cladding as a repair method has attracted extensive research due to its
advantage over other techniques such as low heat input, strong fusion bond
between the deposited metal and the substrate material, and very little distor-
tion [15]. Other possible repair methods include thermal spray and arc weld-
ing. However, thermal spray requires a very high heat input. Traditional repair
methods such as TIG welding usually cause large HAZ and visible deforma-
tion due to high heat input. In addition, applications with steel are highly sus-
ceptible to hydrogen cracking. Sexton et al. [16] had favourable laser cladding
results in their study when compared to samples repaired with welding, sum-
marised as follows:
• Low dilution and good fusion bonding was found in all the laser clad
samples unlike TIG clad samples. Gross thermal distortion occurred in
the TIG clad samples.
• Porosity in the welding samples was larger than the laser clad samples.
• Cracking was only present in the laser clad Rene 142 on Rene 125 sub-
strate. No evidence of cracks was found in any of the welding samples.
• The longitudinal and transverse hardness values showed that the laser
clad samples were more homogeneous than the welding samples.
• The laser clad samples showed an abrupt change in hardness from clad
to substrate through the narrow dilution zone.
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• The welded regions had a wider dilution zone so that the change in hard-
ness values from the clad to the substrate was gradual and was not as
uniform as the laser clad samples.
Primary fatigue critical aircraft structures are a prime candidate for laser
cladding repair, despite relatively few studies on these applications - a gap
that the present work will address. A successful repair could draw major cost
saving benefits and increase structural integrity significantly. Further details of
the applications of laser cladding are discussed in a critical review in Chapter 2.
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1.4 project objectives
1.4.1 Aim
This research aims to explore and assess a novel approach to restoring the fa-
tigue properties and structural integrity of an ultra-high strength steel fatigue
critical aircraft structure, such as landing gear. A repair method by rebuilding
material to restore fatigue properties, would allow parts to remain in service
and thus may reduce operating costs, will only be possible if it does not intro-
duce risk of cracking, degrade mechanical properties, and reduces fatigue life.
The repair of landing gears has received only limited attention in the litera-
ture due to the complexity of such applications involving high load scenarios,
limited damage tolerance, and fatigue critical requirements. Due to the frac-
ture sensitive nature of these steels, any stress concentration or non-uniformity
in the material could affect the fatigue behaviour significantly. Fatigue is com-
plex, and is influenced by the microstructure, residual stresses, and loading
conditions. It is crucial to evaluate these properties in order to understand un-
derlying effects of laser cladding, and hence, overall performance of the repair.
This study provides essential results on the overall potential of laser cladding
as a repair solution for aircraft landing gear.
The investigation uses laser cladding to rebuild areas of specimens that are
representative of a region which has been damaged in service, and has then
been subjected to a grind-out repair which has resulted in excessive loss of ma-
terial. The ultra-high strength steels used are AISI 4340 and AerMet R©100. The
major objectives are to assess the clad characteristics, restored microstructure,
residual stresses, tensile and fatigue behaviour, and compare them with the
properties of an undamaged material.
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1.4.2 Research questions
Studies of fatigue behaviour of laser cladding repair have received only lim-
ited attention (Chapter 2). Only few publications have reported on the fatigue
behaviour of the repair of primary fatigue critical components [17, 18], and no
studies have been published on the fatigue behaviour of laser cladding repair
in an ultra-high strength steel aeronautical structural application. In addition,
the literature has not provided a sufficient understanding of the fatigue be-
haviour and the influencing factors such as clad defects, microstructure and
residual stresses. This thesis aims to bridge the gaps in this knowledge. The
following research questions have been identified based on a critical review of
the literature.
1. What is the observed microscopic damage in and around the clad region,
and can a quality clad layer be achieved?
2. What is the microstructure & hardness evolution in a clad specimen, and
how does the formation of microstructure in the clad & HAZ influence
the fatigue behaviour?
3. What is the influence of laser processing parameters on the clad charac-
teristics & microstructure formation?
4. What is the effect of laser cladding on the fatigue life and crack propaga-
tion of AISI 4340 steel and AerMet R©100?
5. What is the state of residual stresses that develops during laser cladding
process, and how do these stresses influence the fatigue behaviour?
6. What is the influence of powder composition & post clad heat treatment,
and can these methods improve the fatigue properties?
7. What is the overall potential of implementing laser cladding as a viable
repair solution for ultra-high strength steels?
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1.4.3 Research scope
Two ultra-high strength steel powder and substrates are used, which are AISI
4340 and AerMet R©100. AISI 4340 steel is a commonly used material in landing
gears. AerMet R©100 is an advance high strength steel with very high fracture
toughness.
The first objective is to determine the optimum processing parameters of
laser cladding to obtain the best quality clad layers (research question 1). A
study on clad defects has been conducted to identify the range of microscopic
damage which could degrade the performance of a typical ultra-high strength
aerospace steel after rebuilding a region of grind-out using the laser cladding
process. The range of microscopic damage features which are likely to occur in
the repaired region and HAZ, includes:
• Insufficient metallurgical bonding defects
• Dilution (mixing percentage between clad and substrate)
• Porosity
• Micro-cracking
A statistical processing model has been developed to understand the effect of
the laser processing parameters and determine the optimum processing range
for a quality clad layer. This part of the research is based on investigating the
laser processing parameters, including power, powder flow rate, pre-heat, and
nozzle shielding, then preparing trial samples. Examination of these samples,
using a statistical processing model with a Teguchi matrix, reveals potential
microscopic damage in the deposited layer and HAZ.
The next part of the work undertakes metallurgical analysis of the as-repaired
specimens including microstructure and hardness evolution (research question
2). The tensile and fatigue behaviour of AISI 4340 steel are highly influenced by
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its microstructure. Therefore, it is crucial to understand the microstructure and
its effect on the fatigue behaviour. The analysis has been conducted through ex-
perimental and computational means. Optical microscopy and hardness mea-
surements have been conducted. A thermal FE model has been used to obtain
the thermal history and analyse the phase transformation within the clad and
HAZ regions. This part of the work will also be based on investigating the
effect of laser processing parameters on the microstructure and hardness (re-
search question 3).
The next stage identifies the fatigue life and crack growth behaviour in and
around the repaired region, and compares it with the behaviour of the un-
damaged substrate. Finally, these results correlate the differences observed in
the metallurgical and loading conditions present in the repaired cases (research
question 4). This was based on residual stress analysis, tensile and fatigue test-
ing program, using specimens with, and without, the repair to identify and
assess the defects and damage which promote failure under applied load (re-
search question 4 and 5). The damage and fatigue behaviour has been exam-
ined by assessing the fracture modes by fractographic means (research ques-
tion 4). A range of constant amplitude loading conditions are used, and will
provide predictions of the preliminary fatigue life data from the repaired sam-
ples. Post repair heat treatment process and modified alloy powder composi-
tion have also been investigated to improve the fatigue life, and overall, the
component’s service life (research question 6).
1.5 outline of the thesis 15
1.5 outline of the thesis
Chapter 1 outlines the issues associated with the repair of aero-grade ultra-
high strength steel structural components, such as landing gears. Some impor-
tant concepts of laser cladding have been introduced. The project objectives
and research questions have been identified.
Chapter 2 provides the basis of knowledge and unresolved scientific issue in
the field of laser cladding repair through a critical review on this subject.
Chapter 3 outlines the methodology and experimental details, including the
laser cladding experiment and fatigue test program.
Chapter 4 details the effect of laser cladding process on the quality of de-
position. An assessment of defects such as porosity and micro-cracking are
reported.
Chapter 5 investigates the microstructure evolution and phase transforma-
tion around the repaired region including the clad, interface, and HAZ. The
analysis includes microstructure evaluation using optical microscopy, phase
transformation, and microhardness.
Chapter 6 presents the investigation into the repair trials of AISI 4340 steel
using small scale tensile & fatigue testing. The residual stresses are evaluated.
The results reveal the performance of laser cladding as a potential repair tool
on aero-grade ultra-high strength steel.
Chapter 7 investigates the laser cladding of AerMet R©100 substrate. Similar
experimental procedures used in chapter 6. The results aim to show a compar-
ison of two different ultra-high strength steels.
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Finally, Chapter 8 draws the project to a conclusion by summarising the un-
derstanding of the interaction between laser cladding and ultra-high strength
steels. Also, recommendations and future work are detailed.
Part II
L I T E R AT U R E R E V I E W

2
R E V I E W O F L A S E R C L A D D I N G T E C H N O L O G Y & R E PA I R
2.1 introduction
Laser cladding has been demonstrated to be a reliable surface coating tech-
nology to refurbish and improve surface dependent properties, such as wear,
erosion, and corrosion resistance [10, 11, 15, 19]. Laser cladding has also been
used as a repair method to restore geometry from damaged secondary com-
ponents that have suffered wear, erosion and corrosion damage, and hence
extend the lifetime of valuable components by utilising the improved surface
properties [20, 21, 22].
A current challenge in laser cladding repair are the ability to not only im-
prove wear and corrosion properties but also repair critical aircraft fatigue
components, so that they meet designated service requirements [17]. Repair-
ing aircraft component using laser cladding is a new challenge in the field and
the most difficult to meet due to high stress conditions, limited damage toler-
ance and fatigue critical operation of the components.
This chapter addresses the issues with laser cladding repair, through selec-
tive references of the relevant literature, and outlines the challenges of repair-
ing ultra-high strength steel in critical aircraft components. The aim is to pro-
vide a clearer understanding of the current and past literature in the field of
laser cladding repair. The remainder of this chapter discusses the gaps in the
literature and how this project will address each of the research questions in
this thesis.
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2.2 applications of laser cladding
Laser cladding technology has been used frequently where two major types of
applications are: (1) protective coating and (2) geometry repair. The major is-
sues investigated are optimising processing parameters for a quality clad layer,
formation of solidification microstructure and the effect of laser processing pa-
rameters on wear and corrosion resistance. These issues are summarised in a
review by Zhong and Liu [19].
Surface properties, such as wear, corrosion, and fatigue resistance, can be
improved by modifying the microstructure in the region close to the surface.
Traditional surface modification methods include laser alloying, nitriding, and
hardening. Recently, coating technologies have shown to be the most effective
method to improving the surface properties, as compared to surface modifica-
tion methods. Initially, protective coatings were designed from thermal spray
and plasma spray perspectives. However, laser cladding is rising in importance
as a protective coating due to its advantages of strong metallurgical bond and
ideal microstructure. The surface properties can improve significantly, as com-
pared to other surface modification and coating technologies. The process also
allows opportunities to manipulate the powder composition for accurate tailor-
ing of the mechanical properties [15].
Apart from utilising laser cladding as a protective coating, repair by geome-
try rebuilding also became very attractive. It is particularly suitable for automo-
tive and aerospace components because they deal with larger, complex shaped
components, and will offer major cost savings on these expensive components
if the process is successful. Especially in aerospace applications, replacement
can often lead to long and a time consuming maintenance operation, hence
reducing aircraft operation time and the cost of maintaining its structural in-
tegrity.
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Components, especially in aircraft applications, are grouped into two classes:
(1) secondary components and (2) primary fatigue critical components, sum-
marised in Figure 2.1.
Figure 2.1: Repair requirements for the two types of repair scenario
The repair of secondary components focuses on removal of damage (such as
wear and corrosion), followed by restoration of the geometry where the dam-
age was removed, and increase in the lifetime of the component by improving
its structural integrity through the material properties of the clad layer. Litera-
ture reported for secondary components include:
• Fields of mining [23]
• US Navy ship and torpedo repair [22, 24]
• Aircraft engine components [20, 25, 26]
• Railway industry [18, 27]
• Metal tool industry [21, 28]
• Aircraft structural members [29]
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Early research on turbine blades showed the potential of laser cladding
on this high value component to repair wear damage [25]. Brandt et al. [20]
demonstrated the feasibility of in-situ repair of steam turbine blades using
Stellite R©6 clad on a UNS 42000 stainless steel substrate (Figure 2.2). In-situ
repair was successful, where the repaired blades demonstrated good perfor-
mance and no sign of damage [20]. The repair has established a commercial
opportunity to repair worn industrial turbine blades. A repair method has
been proposed to repair other gas turbine components, such as compressor
and combustion section [30].
Figure 2.2: In-situ repair of a steam turbine blade [20]
Other successful in-situ repair of secondary components includes compres-
sor shaft and stainless steel vessels subjected to internal water pressure [31, 32].
Results showed no cracks or porosity and were successfully tested at operat-
ing speeds. Successful crack sealing was achieved under extreme conditions
such as water running down the crack during the cladding procedure. In Navy
components, especially undersea weapon systems, aluminium alloy is highly
exposed to corrosion pitting and stress corrosion cracking [22]. Williams and
Bergan [24] explored a possibility of a laser cladding facility to accommodate
repair for damaged Navy components.
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Only recently, laser cladding has drawn attention as a repair technology for
aircraft primary carry through components that have suffered from SCC and
foreign object damage. The repair of primary fatigue critical components in-
volves, not only restoring geometry, but also restoring the fatigue properties
back to a minimum safety level required for airworthiness. Aerospace mate-
rials that have been investigated include aluminium 7075 [9, 17], Ti-6Al-4V
[26, 33], AISI 4140 [34], and in this thesis, ultra-high strength steels.
There have been no reported studies on laser cladding repair (or any other
repair techniques) on ultra-high strength steels. It is known from personal
communication, that Messier-Dowty (a major manufacturer of aircraft land-
ing gear) has research programmes attempting to use laser cladding repair on
landing gears, but their work is proprietary and does not appear in the litera-
ture. Indeed, it is this gap that this work attempts to address.
Repairing ultra-high strength steel landing gear components is particularly
difficult as they experience high structural loads, fatigue critical operations,
strict damage tolerances, and have fracture sensitive material properties. The
major challenges and issues of laser cladding repair requiring further research
to resolve the repair of primary aircraft components are as follow:
• Clad geometry & defects (Section 2.3).
• Microstructure and microhardness (Section 2.4).
• Residual stress (Section 2.5).
• Tensile, fatigue, and fracture behaviour (Section 2.7).
24 review of laser cladding technology & repair
2.3 clad geometry & defects
The integrity of deposited clad layer plays a crucial role in the overall perfor-
mance of the repair. Defects and lack of fusion bond can significantly degrade
the fatigue life, especially with the sensitivity of brittle fracture of ultra-high
strength steel. Laser cladding technology has been described as a process that
can produce a pore and crack free coating with a strong bonding to the sub-
strate and smooth clad geometry. However, a quality clad layer can only be
achieved for a narrow range of laser processing parameters, and therefore re-
quires optimising. The complexity of laser cladding process is due to the high
number of processing parameters involved. There has been extensive research
on laser cladding processing techniques to understand the influence of the pro-
cessing parameters (power, traverse speed, powder flow rate, and laser spot
diameter) on clad geometry and defects.
2.3.1 Laser cladding processing parameters
Laser cladding process has been well documented with the process summarised
in Figure 2.3, which includes: (1) laser input parameters, (2) physical phe-
nomenon in the melt pool and (3) output results [11]. Laser input parameter
acts as an important contributor on quality of laser cladding materials [35].
Slight variations in input parameters could alter the physical phenomena and
yield different output result. The literature has studied the relationship be-
tween the input parameters and output results [8]. The physical phenomena
are complex in laser cladding process due to the dynamic interaction between
a moving laser beam and blown alloy powder particles. Simple numerical and
FE models have been developed to predict the thermal history and melt pool
dynamics (see Section 2.8 for more details).
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Figure 2.3: Summary of the main parameters and results associated with laser
cladding adapted from Toyserkani et al. [11]
The four main processing parameters that are commonly researched and are
the major influence on the quality of the clad layer are laser power, laser tra-
verse speed, powder mass flow rate, and laser spot diameter, as shown schemat-
ically in Figure 2.4. Tailoring these four parameters will obtain a quality clad
layer and optimised geometry. The general effect of each parameter on the clad
geometry is summarised in Table 2.1. Other processing parameters have also
been identified to have a significant effect on the overall result, these include
flow and type of shielding and carrier gas, and as well as size, speed, catch-
ment ratio, and feed direction of powder particle [36].
Figure 2.4: Schematic of the laser input parameters used for cladding with a side in-
jecting nozzle
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Table 2.1: Effect of processing parameters on clad geometry
Clad thick-
ness
Clad width Melt depth
Increasing power + + +
Increasing traverse speed − − −
Increasing powder flow rate + − −
Increasing laser beam diameter − + −
Laser power is defined as the amount of heat energy from the laser beam ap-
plied to the melt pool. Insufficient power results in limited melting of the alloy
addition, whereas too much power causes excessive melting of the substrate
[37].
The rate of traverse of the beam across the surface is a representation of the
laser interaction time with the melt pool. Laser traverse speed affects both the
clad thickness and melt depth of the clad layer. Increasing traverse speed re-
sults in a decrease of clad thickness, clad width, and melt depth due to less
powder deposited per unit length [37].
The powder mass flow rate is the rate at which the powder is delivered to
the melt pool. It is critical to the formation of an integral clad of the desired
thickness [37]. For a fixed laser power, if the powder flow rate is too low, ex-
cessive melting of the substrate occurs. If the flow rate is too high, obviously
too much powder is supplied, which can result in the powder shielding the
substrate from the beam, and a metallurgical bond cannot be formed. There
will be a dramatic increase in clad thickness due to the excess powder, and as a
result an undesirable aspect ratio (clad width to clad thickness ratio) is formed
which may lead to high amount of porosity.
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The laser spot diameter or spot size is defined as the diameter of the laser
beam on the surface of the material. Varying the spot size affects the intensity
of the beam [38], and is often proportional to the clad width.
One other important processing parameter, in multi-track cladding, is the
step-over width of the overlapping clad track, which determines the smooth-
ness of the clad surface. An excess step-over width results in an inconsistent
clad thickness across the multi-track clad layer. A small step-over width results
in an increased clad thickness after each overlapping clad track. Ideally, the
step-over value should be 50-60% of the single track clad width to produce a
smooth multi-track clad layer with a consistent clad thickness.
2.3.2 Micro-cracking
One of the major issues in laser cladding process is the formation of micro-
cracks in the clad layer. Micro-cracking is influenced by a combination of me-
chanical (cold cracks) and thermal factors (hot cracks) [17, 39]. The mechanical
factor producing cold cracks, often results when the tensile residual stresses
produced in the clad material exceeds its maximum tensile strength. Hot crack-
ing, similar to welding cracks, occurs due to the liquation of low melting com-
ponents and rapid cooling rates. The mechanism of micro-cracking in laser
cladding is different for ferrous and non-ferrous types of material. Both types
of materials will be discussed.
Micro-cracking can be prevented if the composition (especially nickel, cobalt,
and silicon) and processing parameters are tailored [9, 40, 41]. In a study by Liu
et al. [9], varying numbers of micro-cracks were discovered in Aluminium alloy
7075 clads. The crack were influenced by the brittle and low strength properties
of Aluminium alloy 7075 (Figure 2.5a). The micro-cracks were eliminated when
the silicon in the Aluminium alloy 7075 was increased to 12%, as shown in Fig-
ure 2.5b. This was attributed to the high crack resistance properties of Silicon
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[9]. Similar results were found in Zhang et al. [40], where increasing nickel and
cobalt concentration, increased the fracture toughness of the clad layer, and
decreased the sensitivity of micro-cracks. Tensile properties and residual stress
in the clad layer highly influences the formation of micro-cracking.
(a) Micro-cracks in the aluminium
7075 clad layer
(b) Cross-section view of aluminium
7075 with a higher silicon concen-
tration
Figure 2.5: Laser cladding of Al 7075 from reported literature [17]
Thermal factors are also a major contribution to micro-cracking, especially
hot cracks. However, if the heat input is controlled, then micro-cracking can be
prevented. Results found in Stellite R©6 [20] clad and titanium silicon alloy clads
[42], showed that micro-cracks were eliminated by altering the processing pa-
rameters and reducing the heat input.
Pre-heating the substrate is an effective technique to eliminate micro-cracking.
Pre-heat can alter the thermal gradient during cladding and reduce the thermo-
physical difference between the clad layer and substrate, hence reducing the
residual stresses produced in the clad layer. Usually, the substrate is at a nor-
mal room temperature just before the cladding takes place. Pre-heating allows
the cladding process to be performed at different substrate temperatures. Jen-
drzejewski et al. [43] showed that the number of micro-cracks in the clad layer
decreased with increasing pre-heating temperature and no micro-cracks were
observed above 650oC. It was evident that pre-heat decreased the residual
stresses in the clad layer, as compared to a substrate that was not pre-heated
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[44]. This was attributed to the reduction of thermal expansion difference be-
tween the clad layer and substrate material. With pre-heating: not only were
the cracks reduced, the microstructure of the clad layer had a more uniform
distribution and better bonding to the substrate [44].
Ultra-high strength steels are highly susceptible to cracks due to their high
hardness and brittle properties, which may be an issue when laser cladding
these steels. However, several methods has been demonstrated to eliminate
micro-cracking, which includes: (1) pre-heat, (2) tailoring the processing pa-
rameters and (3) modifying the alloy powder composition. These methods are
critical in this research to investigate their effects on micro-cracking formation,
if any exists, in the laser cladding of ultra-high strength steels.
2.3.3 Dilution
Dilution is considered to be the mixing percentage of the substrate with the
clad region [11], as shown in Figure 2.6. One of the major requirements in laser
cladding is the achievement of a strong fusion bond with the substrate. How-
ever the dilution must be as small as possible in order to obtain a chemically
pure surface layer and high enough to allow the clad layer to form a strong
fusion bond with the substrate material [8]. A high dilution can degrade me-
chanical properties of the clad layer due to the large change in chemical com-
position and microstructure. The control of processing parameters is therefore
a very important issue in this method to prevent high dilution, which is de-
termined by the volume fraction (Equation 2.1). Usually, 5-10% is an optimum
value of dilution for a quality clad layer [8]. Excess dilution often indicates that
the heat input is too high which results in a large HAZ and can lead to poor
mechanical properties of the clad layer.
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Figure 2.6: Schematic illustration of clad layer with dilution
D% =
DA
DA +CA
(2.1)
2.3.4 Porosity
Porosity has been identified as a stress concentrator and can degrade mechani-
cal properties. The diameter of each pore that typically forms in the clad layer
can vary between 20-200 µ m. Eliminating all porosity in the clad layer is vital
especially when encountering high stress loads of ultra-high strength steel ap-
plications. There are two types of porosity in the clad layer: (1) clad porosity
and (2) inter-run porosity, as shown schematically in Figure 2.7.
(a) Clad porosity (b) Inter-run porosity
Figure 2.7: The two types of porosity commonly found in laser cladding
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Clad porosity is defined as holes or gas bubbles formed by absorption/re-
jection mechanism of atmospheric gas trapped in the solidifying melt pool [8],
and is influenced by the following factors:
• High thermal temperatures exceeding melting point of the material caus-
ing local areas of the clad layer to overheat.
• Gas bubbles absorbed from the atmosphere such as hydrogen [9], as
shown in Figure 2.8.
• Porosity in the alloy powder particles.
• Moisture on the surface of the powder particle.
Clad porosity can be eliminated by optimising the laser processing parame-
ters to balance the power and powder flow rate and avoid the local overheating.
Bhattacharya et al. [45] showed high percentage of porosity was formed in a
AISI 4340 steel clad layer at high power and low powder flow rate, which is
an indication of local overheating. Increasing the powder flow rate only by 1.0
g/min decreased the average porosity from 4% to 0.2% and demonstrates the
sensitivity of clad porosity. Numerical modeling of clad porosity has not been
established since the formation of porosity is highly unpredictable, and some-
times random, which also depends on the type of powder alloy used.
Figure 2.8: Porosity distribution in Aluminium alloy 7075 clad layer. The size of the
porosity varied between 20-200 µm [9]
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Inter-run porosity is found at the clad interface at each overlapping region
in multi-track clads [15], as shown in Figure 2.9. These pores have a typically
angular appearance and are due to mechanical entrapment of gas from the sur-
rounding rather than absorption/rejection mechanism of spherical gas pores
shown in Figure 2.8. The angular nature of these discontinuities has a greater
effect as stress raisers than typical spherical gas pores. The formation of inter-
run porosity is highly influenced by the following factors: (1) geometry of the
clad layer [10] and (2) dilution [46].
Figure 2.9: Inter-run porosity in Stellite R©6 clad layer [46]
The geometry (especially clad angle) of the single track clad layer plays an
important role in the formation on inter-run porosity. If the clad angle exceeds
90 degrees, when the overlapping clad track is formed, a portion of the clad
layer near the clad interface is shielded from the laser beam and not fully
melted and fused with the substrate. Inter-run porosity can be eliminated by
changing the laser processing parameters to achieve a clad aspect ratio (clad
width : clad thickness) above a certain value, typically three to five [10, 15, 47].
The formation of inter-run porosity is also dependent on dilution [46]. If the di-
lution is too low, a lack of fusion on the side of each clad track occurs. Increas-
ing dilution can avoid the occurrence of inter-run porosity due to consistent
melting of the clad layer.
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2.4 microstructure and hardness
The microstructure is highly influential on fatigue properties. The microstruc-
ture formation in laser cladding is categorised into two major regions: (1) clad
zone and (2) HAZ. In the clad layer, the alloy powder is melted onto the sub-
strate and forms a solidification microstructure. The heat from the laser beam
also creates a heat affected region (HAZ) through the substrate where a por-
tion of the microstructure in the substrate is altered. In laser cladding, the
microstructure formation is complex and local because of the high heating and
rapid cooling rates, unlike bulk heat treatment for example.
2.4.1 Clad layer
The solidification process does not occur under equilibrium conditions due
to high heating and cooling rates, causing an non-homogeneous microstruc-
ture with chemical segregation and composition variations within the clad
microstructure [48]. The cooling rates in a laser cladding process are rapid,
predicted to be approximately 103-105 oC/s [15, 19, 45]. The formation of solid-
ification microstructure is completely different to the same material formed by
conventional melting processes, and often result in a very fine chemical segre-
gated dendritic structure (primary and secondary arm spacing), as shown in an
example with Stellite R©6 clad in Figure 2.10a. Stellite R©6 steel has been the most
widely researched clad material in laser cladding due to its excellent mechan-
ical properties. Other widely used alloys where studies have been conducted
on the microstructure formation of laser clad specimens include aluminium
silicon alloys [49, 50] and titanium alloy [33].
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(a) 1.67mm/sec (b) 167mm/sec
Figure 2.10: Microstructure of Stellite R©6 clad consisting of M7C4 eutectic enriched ma-
trix and cobalt-based dendritic phase at different laser traverse speeds [19]
The laser processing parameters have a major influence on the thermal his-
tory of the clad layer, especially heating and cooling rates. Therefore, altering
the parameters can change the final microstructure and hardness of the clad
layer. The cladding of Stellite R©6 has shown that the dendrite arm spacing is
dependent on the laser traverse speed, where the microstructure is refined
when the traverse speed is increased Figure 2.10b. The average clad hardness
of Stellite R©6 increases with increasing traverse speed due to the larger quan-
tity of M7C4, which is a harder phase, formed when the laser traverse speed
is increased. The hardness linearly decreases with increasing dilution (increas-
ing power, decreasing traverse speed, and decreasing powder flow rate) [51].
Similar results were found in Yellup [52], where the following clad layers -
Stellite R©6, Cenium Z20, and Eutrolloy - all decreased at a linear rate when the
dilution was greater than 10%. When the dilution was less that 10%, the hard-
ness of the clad layer was not altered.
The microstructure formation of the clad layer in intermetallic and metal ma-
trix composites (also known as mixed powders) is more complex compared to
pure alloys. Mixed powders can improve the mechanical properties by altering
the microstructure through its composition control. For instance, increasing
wear resistance by introducing an alloy with high hardness properties. The
mixed powders create unique phases that are formed during the solidification
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process where the microstructure varies depending on the mixing percentage
of the intermetallic composition. Zhong et al. [53] investigated the microstruc-
ture evolution of the mixture of Stellite 6 and tungsten carbide, at 0, 9, 18,
27, 36, 45, 54, 72 and 100% volume percentage of WC. Figure 2.11 shows the
influence of mixing two different powders on the microstructure formation.
(a) 18% WC (b) 45% WC (c) 72% WC
Figure 2.11: Microstructure evolution in the mixed powders of Stellite 6 R© + WC [53]
A wide range of other alloy combinations of intermetallic and metal matrix
composites are summarised in a review by Zhong and Liu [19]. The research
of intermetallic and metal matrix composites shows that the microstructure
and hardness can be manipulated to improve the mechanical properties. Since
the thermal cycles in laser cladding are more difficult to control compared to
bulk heat treatment, mixing alloy powders is a viable approach to control the
required microstructure and hardness. A similar approach can be adopted for
the clad layer by mixing the alloy powders to improve the fatigue properties
of the ultra-high strength steel component through the control of alloying el-
ements of the clad layer. Alloying elements such as cobalt, nickel, chromium,
and molybdenum, play an important role in controlling the strength and frac-
ture toughness.
Only a few studies has been published on the microstructure formation of
ultra-high strength steel in laser cladding application [45]. The microstructure
of ultra-high strength steels has been well documented for bulk heat treatment
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[48, 54, 55]. The main phases found in ferritic steels are martensite, bainite,
ferrite, and pearlite. Each phase of steel has a unique microstructure and me-
chanical properties. The formation of microstructure phases is dependent on
the heating and cooling rates. Ultra-high strength steels achieve their strength
through a martensite transformation. Tempering the martensite is a require-
ment to retain the fracture toughness. The formation of clad microstructure in
ultra-high strength steel (similar to a cast microstructure) typically results in
columnar segregated prior austenite grain structure formed during high tem-
perature solid state transformation [48]. Metastable phases, such as martensite
and bainite, are often present in laser cladding due to the rapid cooling rates
experienced.
Bhattacharya et al. [45] reported the microstructure evolution in direct metal
deposition application of ultra-high strength steel AISI 4340 steel powder. In
their study, the AISI 4340 steel clad microstructure was determined from x-ray
diffraction and transmission electron microscope which showed that the clad
layer primarily consists of lath martensite, ferrite and cementite (Figure 2.12a).
The formation of ferrite and cementite is due to the re-heating caused by the
additional layers and hence significant tempering of the martensite occurs. As
a result, the average clad hardness decreases from the tempering of the marten-
site (Figure 2.12b). The hardness of the final clad layer was 640Hv which repre-
sents the non-tempered clad layer. The study by Bhattacharya et al. [45] can be
used to support the results of this thesis. Some differences in the results have
been observed since the thermal cycles between multi-track clad and direct
metal deposition build up vary, and hence different microstructure observed.
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(a) Microstructure of clad (b) Microhardness profile
Figure 2.12: AISI 4340 steel DMD metallurgical properties [45]
2.4.2 Heat Affected Zone
The HAZ is an area of the substrate, which has not been melted, but had its
microstructure and properties altered by the heating from the laser beam. The
microstructure formation in the HAZ is dependent on the thermal cycles in-
duced during laser cladding process and on the original microstructure of the
substrate. Therefore, for each individual type of substrate, the microstructure
formation will be unique.
The HAZ in welded carbon steel has been well documented [48, 56, 57, 58,
59] and laser transformation hardening [60, 61, 62], but limited information
is available on laser cladding. The microstructure of HAZ in laser cladding
process can be characterised by the HAZ in welding applications, however, the
cooling rates are much more rapid in laser cladding compared to welding.
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2.5 residual stress
One of the major issues with laser cladding, similar to other metal melting pro-
cesses, is the residual stress. Many researchers have investigated the residual
stresses induced by laser cladding over a range of powder alloy/substrate com-
binations [63, 64, 65, 66, 67, 68, 69]. Laser cladding produces residual stresses,
where the magnitude and direction (compressive or tensile) are influenced by
a number of complex factors, depending on the material properties, as follow:
• Thermal shrinkage during cooling due to the temperature and thermal
expansion difference between the clad layer and the parent metal [65, 69]
• Thermal and metallurgical transformation
• Plastic deformation and contraction induced by rapid cooling (quench
stresses) [63]
• Directional stiffness within the cross-section [70]
The residual stresses in the clad layer can fluctuate depending on the setup
and processing parameters [66, 67]. A study by de Oliveira et al. [66] showed
that for cobalt based alloy, the tensile residual stress in the clad layer is propor-
tional to the laser traverse speed, which was due to increased cooling rates. As
discussed in Section 2.4, increasing traverse speed on the cladding of Stellite R©6
clad produces a larger quantity of M7C4, which is a harder phase, and likely to
affect the mechanical properties. Other laser processing parameters that also
have an influence on the magnitude of the residual stresses are increasing over-
lapping track numbers and changing the cladding process from a flat substrate
to a round substrate [66].
The residual stresses in a carbon steel are highly influenced by solid state
phase transformation, investigated in many welding applications [71, 72, 73]
and in few laser cladding applications [64, 65]. Residual stresses in steel are
produced due to thermal shrinkage, thermal expansion and contraction, and
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phase transformation. Peak tensile residual stresses are usually produced in
the HAZ, adjacent to the clad interface [63, 64]. The tensile residual stress is
a result of the thermal gradient created by the laser during laser cladding;
where during cooling, the contraction of the melt pool is constrained by the
surrounding of the substrate, thus generating a tensile residual stress [74]. In
other materials, for example aluminium 7075 clad layer has a favourable effect
on the residual stress, since the alloy does not undergo a phase transformation
upon cooling, therefore producing a lower residual stress profile compared to
steel [65].
Residual stresses play a very important role in structural components, be-
cause these stresses can affect the overall fatigue, fracture behaviour, and di-
mensional distortion. It is known that the presence of high tensile residual
stresses can promote premature or internal failure, and compressive residual
stresses can delay failure [63, 68]. This was evident in the cladding of Stellite R©
21 clad on two separate substrates [68]. One substrate was an austenitic steel
and the other was a heat treated steel. The cladding on the austenitic steel pro-
duced compressive residual stress of 200 MPa near the clad interface, and as
a result, the crack initiated at the surface of the clad layer. However, the heat
treated steel produced tensile stress of 200 MPa near the clad interface. The
crack initiated internally in the clad layer and near the interface (consistent
with the tensile residual stress). In another study by Bendeich et al. [63], tensile
residual stresses were located on the surface of the Stellite 6 clad, which would
aid crack initiation in these regions under fatigue conditions (Figure 2.13a).
Reducing the high tensile residual stresses is crucial to eliminate premature
component failures and minimise the influence on resistance against corrosion
and fatigue cracks.
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(a) Residual stresses in parent material (b) Comparison between as-clad and PHT
Figure 2.13: Residual stress measurement for Stellite R©6 powder on 420 stainless steel
[63]
Post-Weld Heat Treatment (PWHT) has been shown to be efficient in reduc-
ing the residual stresses [63, 69, 72]. Bendeich et al. [63] analysis of a PWHT
on low pressure turbine blade showed that the heat treatment minimises the
magnitude of these stresses, thereby, greatly reducing the possibility of crack
initiation (Figure 2.13b). Similar results are observed in [69, 72]. The minimised
residual stresses after PWHT is due to tempering mechanism causing a reduc-
tion in retained austenite [69] and plastic deformation of the reformed austen-
ite [72]. Other methods to reduce residual stresses include grit blasting. In
Bendeich et al. [63], the x-ray diffraction results indicate that grit blasting of
the blade surface generates a compressive stress to a depth of 100 µm which
would be expected to aid in the suppression of crack initiation due to fatigue.
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2.6 influence of laser cladding on wear and corrosion resis-
tance
In laser cladding, it has been demonstrated that the surface dependent proper-
ties; such as wear, erosion, corrosion, and fatigue resistance, can be improved
significantly by utilising the appropriate alloy powder [15, 19]. The relation-
ship between commercial alloy powders (Fe-based, Ti-based, Al-based, cobalt-
based) and the effect on surface dependent properties has been well established
[19]. Stellite R©6 has been the most researched alloy due to its advantages of both
high corrosion and wear resistance [51, 75].
Figure 2.14: Comparison of wear mass loss of the Ti3Al + TiAl and Ti-6Al-4V [76]
To further improve the wear and corrosion resistance, the current state of the
art research is focused on blended intermetallic and metal matrix composites,
which are designed alloy powders by mixing conventional alloy powders with
various carbides and ceramics, to form non-conventional chemical composition.
The major advantage of laser cladding is the ability to blend different alloy
powders to form a clad layer that can improve the designated material proper-
ties (especially wear and erosion) better to those of commercial alloy powders.
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Wear resistance can be increased by modifying the microstructure and increas-
ing the hardness, which was described in Section 2.4. For instance, a Ti-6Al-4V
component is highly susceptible to wear damage. Using aluminium + TiC ce-
ramic powder as a coating, forms a hard alloy phase Ti3Al + TiAl that greatly
increases the wear resistance by two times, as compared to Ti-6Al-4V substrate
[76], as shown in Figure 2.14. Hence, this greatly increases the service life of
the component.
The research of blended intermetallic can be extended on ultra-high strength
steel. These steels have limited toughness. Improving the toughness and fa-
tigue resistance by optimising the alloy composition of the clad layer can pos-
sibly: (1) improve the overall fatigue properties and (2) extend the life time of
these critical components. Indeed, this is one of the many gaps in the literature
in the field of laser cladding repair.
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2.7 tensile , fatigue , and fracture behaviour
It is essential that the fatigue properties of the component are not degraded
by the repair, especially in aircraft components where fatigue performance is
critical in regards to safety. Fatigue is defined as a localised and progressive
damage that occurs when a material is subjected to a cyclic or fluctuating load
[77]. Fatigue behaviour is often related to crack initiation, crack propagation
rates, and fatigue thresholds. A general process of fatigue damage is shown
in Figure 2.15. Cyclic plastic deformation results in an eventual crack initia-
tion usually at localized shear planes (within grain boundaries) or at the high-
est stress concentration sites (often surface defects and notches). These cracks
propagate and eventually the material fractures after a certain number of cyclic
load.
Figure 2.15: Stages during a fatigue process
The current challenge in the research of laser cladding repair, and one of
the main objectives of this thesis, is the study of the effect of laser cladding
on fatigue behaviour, which has received very little attention. The study of fa-
tigue behaviour of a clad material is complex due to the non-homogeneity and
complex stresses arising. The cross-section view of a repaired as-clad material
is a composite like structure, with four individual regions (clad, clad interface,
HAZ, and substrate), as illustrated in Figure 2.16.
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Figure 2.16: Schematic representation of a typical cross-section view of a clad material.
The clad interface is close to the grind-out profile depending on the dilu-
tion. The excess clad layer is removed so that the component is returned to
the original dimensions. The dimensions are arbitrary which is dependent
on the application and the grind-out depth.
A number of studies have reported on the effect of laser cladding on tensile
& fatigue behaviour of different clad & substrate combinations [17, 18, 26, 27,
28, 34, 78, 79, 80, 81]. The non-homogeneity of the as-clad material and the
complex fatigue behaviour is highly influenced by the following factors:
• Variation of microstructure and microhardness
• Variation of tensile properties across the clad layer, HAZ, and substrate
• Internal stress concentration sites from porosity and micro-cracking
• Residual stresses
• Metallurgical bond strength at the interface
• Cross-section thickness ratio of clad, HAZ, and substrate
It has been reported that laser cladding can lead to degraded tensile proper-
ties and reduced fatigue life, as compared to the undamaged substrate condi-
tion [17, 34, 79]. In the cladding of aluminium (Al) 7075 powder on Al 7075
substrate, the tensile and fatigue properties were very poor, which was at-
tributed to the brittle properties at the clad interface causing a weak metal-
lurgical bonding and delamination fracture [17]. Similar observations of ten-
sile behaviour were obtained with the cladding of H13 tool steel powder and
2.7 tensile , fatigue , and fracture behaviour 45
41C stainless steel powder on copper alloy substrate [79]. The ultimate tensile
strength and elongation was reduced by 40-50% compared to the undamaged
copper alloy substrate, which was attributed to a weak clad interface, as shown
in Figure 2.17a. Also in Stellite R©6 clad on AISI 4140 substrate, the fatigue life
was reduced, where the failure occurred near the interface region [34]. It seems
reasonable to assume that the clad interface region promotes the highest stress
concentration, which are due to the following factors: (1) possibly weak and
brittle clad interface and (2) a sharp transition in hardness. The tensile proper-
ties have shown to produce very brittle fractures [17, 34, 79], which is attributed
to the rapid cooling rates.
(a) Laser cladding of H13 tool steel powder
and 41 C SS powder on copper alloy sub-
strate [79]
(b) Laser cladding of Stellite R©21 on plain car-
bon steel substrate. For the composite, the
clad layer consists of 6% of the total thick-
ness. The substrate is plain carbon steel and
clad layer is Stellite R©21 [18]
Figure 2.17: Stress strain curves from reported literature
Some studies of laser cladding have shown however that the fatigue life can
be improved, as compared to the un-damaged substrate condition [78, 82, 18].
It seems reasonable to assume that if the material properties are improved
through compositional control, then the overall fatigue life will be improved.
Niederhauser and Karlsson [18, 27] investigated the tensile & fatigue behaviour
of a laser clad Cr-Co alloy onto a plain carbon steel substrate . In their study,
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the clad material alone exhibit better tensile properties, compared to the sub-
strate material alone, as shown in Figure 2.17b. However, the tensile properties
of the composite material (clad, HAZ, substrate) was reduced where the initial
failure (or the weakest point) occurred in the clad layer. Crack initiation from
fatigue stress occurred at the substrate [18], and not at the clad interface, which
may be due to the stronger metallurgical bond created by the Cr-Co alloy. The
substrate was the most susceptible to cracking, which meant the mechanical
properties of the clad layer are better than the substrate [27].
Similar results were observed in Ganesh et al. [82] where the Stellite R©21 clad
exhibited higher fatigue strength compared to the substrate material. Chen
et al. [78] demonstrated a 2-5 times increased fatigue life when cladding Ni-Cr-
Co alloy powder on 0.3 wt% C low alloy steel substrate. However large scatter
of fatigue life results are observed due to clad porosity. The increased fatigue
life is associated with the favourable effect of the Cr-Co alloy on resistance to
fatigue cracking. The fatigue resistance plays a crucial role on the overall fa-
tigue performance, which can be optimised through compositional control of
the clad layer.
This thesis evaluates the mechanical properties and fatigue behaviour of
laser cladding repair of ultra-high strength, in an attempt to restore and possi-
bly increase the fatigue properties above the un-repaired case. Few researchers
has investigated laser cladding of AISI 4340 [45], however, only the microstruc-
ture is analysed. From the field of laser cladding, no published studies on ultra-
high strength steel grade is investigated. The tensile and fatigue behaviour of
AISI 4340 steel have been well documented for studies on bulk heat treatment
[54, 83, 84]. A number of studies have reported on the fatigue behaviour of
laser hardening of AISI 4340 steel [60, 61]. In their studies, it has been demon-
strated that the HAZ does not have an adverse effect on the fatigue properties
of AISI 4340 steel [61]. For laser cladding repair applications, only few studies
have reported on the fatigue behaviour of the repair of primary fatigue critical
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components [17, 27]. However, no studies have been published on the fatigue
behaviour of laser cladding repair in an ultra-high strength steel aeronautical
structural applications, where the substrate strength is greater than 1600 MPa
- identified as the major gap in the literature. The effect of laser cladding on
fatigue behaviour is required to resolve any potential issues with the repair
process. In addition, build the scientific knowledge on fatigue behaviour of
these complex composite-like materials.
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2.8 modeling of laser cladding
The thermal and physical phenomena in laser cladding is a very complicated
process involving interaction between laser beam and powder, melt pool dy-
namics, rapid solidification, and heat transfer through the clad layer and HAZ.
There are two types of modeling processes that have been used to clarify the
physical phenomena and allow better understanding on the thermal and phys-
ical properties of laser cladding process:
• Empirical methods to predict clad characteristics, including geometry
and defects
• FE & numerical modeling to predict the thermal history (temperature
versus time), and the interaction between laser beam, powder particles,
and melt pool
2.8.1 Empirical models of clad geometry
One of the major challenges in laser cladding process is predicting the forma-
tion of the clad geometry. It allows control over the quality of the clad layer
and determines the optimum clad condition that produces low dilution, with
no micro-cracking and porosity. The study of clad geometry is an important
aspect to understand the effect of the processing parameters. The shape and
formation of the clad layer is dependent on the laser processing parameters.
Figure 2.18 shows the four general formations of a single track clad shape.
Empirical models are developed from statistical data laser cladding trials us-
ing a wide range of processing parameters [36, 85, 86, 87, 88, 89, 90, 91, 92].
The aim is to predict the clad thickness, clad width, and dilution, on a single
track clad layer for a given set of processing parameters. Analysing the effect
of each processing parameter can be complex since each parameter is depen-
dent on the other. A system is required to analyse the parameters as a whole,
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Figure 2.18: Typical cross-section views of clad shapes produced from laser cladding
process
rather than individually [90]. Linear regression has been one of the major em-
pirical models to predict the clad geometry because it combines all parameters
[36, 86, 90]. Other methods include energy balance equations [10, 89, 93] and
theoretical mass balance assumptions [94, 95].
The development of these empirical and theoretical mass balance models al-
lows a simple optimisation process to determine the optimum processing win-
dow for a specific laser cladding application. There are several disadvantages
of empirical models which include: (1) highly time consuming experimental
process, and (2) the method is limited to the specific laser and clad/substrate
material combination used to obtain the statistical data. For instance, different
clad/substrate combination may provide different melting depth because of
chemical composition dependency with varying melting temperatures. How-
ever, the advantages of empirical models are: (1) simplicity, and (2) high accu-
racy of the results since the method is based on statistical results. In addition,
the effect of processing parameters can be analysed, such as information on
porosity, micro-cracking, and dilution.
In this thesis, empirical models are adopted for the laser cladding of ultra-
high strength steel alloys to control the heat input, geometry, and optimise the
processing window for producing a high quality clad layer. This processing
window can be used for future applications involving ultra-high strength steel.
These processing parameters will produce clads that are used for tensile and
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fatigue testing. Therefore, reproducibility of the clad layer is crucial to ensure
that the fatigue behaviour is not affected by the variation of clad quality.
2.8.2 Finite Element modeling of laser cladding process
Finite Element (FE) modeling processes in laser cladding have focused on the
interaction between laser beam, powder particles, and melt pool, using numer-
ical models [95, 96]. Early literature was based on analytical and finite differ-
ences to simulate the fluid flow during rapid solidification in the melt pool
[97, 98, 99]. Other investigations include prediction of the temperature fields
[100, 101]. Several researchers have extended FE model to (1) coupled with a
thermokinetic model to predict the phase transformation and hardness in iron
carbon steels [102, 103, 104] and (2) coupled with a quasistatic mechanical anal-
ysis to predict the residual stress profile [69].
Costa et al. [104] used ABAQUS FE software to solve the temperature field
and phase transformation for AISI 420 tool steel. Similar FE model was con-
ducted for AISI 4140 steel, using ANSYS software [102]. In both investigations,
due to the complexity of the melt pool, Foroozmehr and Kovacevic [102] sim-
plified the moving heat flux problem where the geometry of the clad layer is
assumed to be deposited when the heat flux is applied. Other assumptions in-
clude homogeneity of the clad layer and ignored radiation effects. The results
have not been validated against experimental values. As a result, accuracy of
the predicted thermal history is still a question. However, the prediction of
hardness using thermokinetic equations showed very good agreement with
the experimental values.
The developed FE models can predict of thermal history during laser cladding
and can be further extended for the application of the cladding of ultra-high
strength steel alloys. The thermal history is crucial in ultra-high strength steel
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alloys to predict the complex phase transformations and hardness that develop
in the clad layer and HAZ during laser cladding process.
2.9 gaps in literature
Some of the gaps and summary of the literature are as follow:
1. In general, the focus on repair applications has been on secondary com-
ponents [20, 21, 22, 27, 28], where geometry restoration and improving
surface dependent properties; such as wear and erosion resistance; is
the major concern. Only a few publications have reported on the laser
cladding repair of primary fatigue critical components, where restoring
fatigue life is the primary focus [17]. The study in this thesis uses ultra-
high strength steels that have not been investigated previously in the
literature for laser cladding repair. This research evaluates the potential
of the effect of laser cladding repair on these fatigue critical ultra-high
strength steels.
2. The processing stability of laser cladding is complex. There are many
processing variables creating a very complex system to predict. The lit-
erature has demonstrated that a quality clad layer is available only for
a small window of values of processing variables. The sensitivity of pa-
rameters is a major issue, where a small change of value in a processing
parameter can change a high quality clad layer to a very poor quality
clad. The quality and processing window is also dependent on the alloy
powder & substrate combination. The processing parameters require fur-
ther investigation on ultra-high strength steel to analyse the effect on the
clad geometry, micro-cracking, and porosity.
3. The microstructure characterisation of clad and HAZ zones in laser cladding
of ultra-high strength steel requires further analysis. It is critical to anal-
yse the formation of microstructure and it has a major influence on the fa-
tigue behaviour. Only one study has reported on the microstructure evo-
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lution of AISI4340 steel clad, but in direct metal deposition build applica-
tion [45]. A few studies have reported on the microstructure evolution of
AISI 4340 in the HAZ, however, in laser hardening applications [61, 62].
The thermal cycles of direct metal deposition build and laser hardening
applications are different compared to multi-track laser cladding. In ad-
dition, the heat treatment of the substrate material used in this thesis is
different.
4. The residual stresses of ultra-high strength steel in laser cladding applica-
tion are yet to be evaluated & analysed. The rapid heating and cooling is
expected to produce residual stresses and may adversely affect the crys-
tal structure of the present phases. As a result, premature failure and
acceleration of cracks may occur where high tensile residual stresses are
present. Therefore, it is important to identify these residual stress varia-
tions across the clad layer and HAZ, and reduce the influence of residual
stresses by pre-heat or post repair heat treatment.
5. The major focus in scientific knowledge of laser cladding has been on im-
proving surface dependent properties, through analysis of microstructure
& hardness [19]. However, very few published studies have evaluated the
tensile & fatigue behaviour of clad specimens. This is believed to be the
major gap in the research of laser cladding. The failure modes and fa-
tigue life for a clad layer in a composite form (clad, HAZ, and substrate),
requires further analysis.
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2.10 summary
The review of literature in this chapter has highlighted the issues associated
with laser cladding repair, categorized into three parts: (1) processing stability
and clad defects, (2) metallurgical factors and (3) mechanical properties evalu-
ation. Certain important concepts, such as dilution, solidification, fatigue, and
residual stresses, have been defined. These concepts have been used to criti-
cally analyse the literature and challenges of laser cladding repair.
The study in this thesis uses ultra-high strength steels that have not been
investigated previously in the literature for laser cladding repair. The effect of
laser cladding on the clad quality (dilution, porosity, micro-cracking), metallur-
gical factors, residual stresses, and especially fatigue behaviour; are not well
established and requires further investigation to demonstrate the viability of
the repair process.
This thesis evaluates these issues and bridges the gap, in terms of knowledge
and process, for the repair of ultra-high strength steels in aerospace application.
The next chapter provides the experimental details and setup used to investi-
gate the laser cladding repair of two ultra-high strength steels (AISI 4340 and
AerMet R©100).

Part III
M E T H O D O L O G Y

3
E X P E R I M E N TA L D E TA I L S
3.1 introduction
The main objective of this thesis is to determine the effect of laser cladding
on the microstructure, tensile behaviour, and fatigue behaviour of ultra-high
strength steels. Figure 3.1 outlines the flow of investigations that will be carried
into the results & discussion section (detailed in Chapter 1). Laser cladding tri-
als involves testing a range of processing parameters to determine the effect
on clad characteristics and microstructure. A processing map will be used to
determine the optimum parameters used for tensile and fatigue specimens.
Figure 3.1: Methodology of the project
This chapter details the experimental methods used to investigate the laser
clad test specimens; including material design, laser cladding process, and tests
methods, applied for each investigation. The two ultra-high strength steels that
will be considered are: AISI 4340 and AerMet R© 100 - both materials are typi-
cally used in aircraft landing gear application.
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3.2 material details
3.2.1 AISI 4340 steel
The AISI 4340 steel plates (200 x 160 x 7 mm waterjet cut) were received in
annealed condition1 (see Table 3.1 for composition). The plates were then hard-
ened by heating to 850 oC for 1 hour, followed by oil quench, and finally tem-
per at 220 oC for 4 hours, in accordance with AMS standard 2759/2F [105], to
achieve a representative in-service hardness level of 53-55 HRC.
3.2.2 AerMet R©100 steel
The AerMet R©100 round bars, with a diameter of 13.6 mm, were received in
normalised overage condition2 (see Table 3.1 for composition). The bars were
then solution heat treated, by heat to 885 oC for 1 hour, followed by air cool,
and finally overage at 482 oC for 5 hours, in accordance with AMS standard
2759/2F [105], to achieve a representative in-service hardness level of 53-55
HRC.
Table 3.1: Chemical composition (in wt%) for AISI 4340 plate and AerMet R©100 round
bar substrate, as provided by the suppliers
C Mn Ni Cr Si Mo V Co Fe
AISI4340 0.42 0.7 1.74 0.77 0.24 0.25 0.05 − Bal.
AerMet100 0.25 0.63 11.2 3.1 1.28 0.64 − 14.0 Bal.
1 Airport Metals AISI 4340 steel annealed 26-28 HRC: 830 oC for 1.0 hour followed by slow
cooling to room temperature (http://www.airportmetals.com.au)
2 Carpenter Technology AerMet R©100 normalized overage anneal 28-30 HRC: 899 oC for 1.0
hour, followed by air cool to room temperature, then 677 oC for 5.0 hours, finally air cool to
room temperature (http://www.cartech.com)
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3.2.3 Powder alloy
The main powders used in this research were AISI 4340 steel and AerMet R©100
steel (Composition shown in Table 3.2). The powders were manufactured and
provided by Sandvik LTD. in the form of gas atomized particles (composition
shown in Table 3.2). The powder particles were mainly spherical with 97.7% of
the powder ranging between 45-106 µm, as shown in Figure 3.2.
A third powder of AISI 316 stainless steel (SS) is used in this research to
analyse the effect of mixed powders. The AISI 316 SS powder was mixed with
AerMet R©100 powder. Each powder was weighed to achieve a 50-50% ratio,
then mixed by shaking the alloy powder in an enclosed beaker.
Table 3.2: Chemical composition (in wt%) for the three powders used, as provided by
the suppliers
C Mn Ni Cr Si Mo V Co Fe
AISI4340 0.4 0.7 1.69 0.72 0.2 0.28 0.05 − Bal.
AerMet100 0.25 0.63 11.2 3.1 0.64 1.28 − 14.0 Bal.
AISI316ss 0.08 2.0 13.0 17.0 1.0 3.0 − − Bal.
(a) AISI 4340 (b) AerMet R©100
Figure 3.2: Micrograph of steel powder
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3.3 grind-out profile
A representative in-service grind-out was applied on each AISI 4340 plate and
AerMet R©100 round bar using a HAAS VF2 and Okuma LB3000 EX CNC ma-
chine, respectively, as shown schematically in Figure 3.3. The grind-out depth
was 0.7 mm ± 0.05 mm with a width of 10.0 mm. To ensure a smooth blend
profile, a 45o is incorporated on the edge of the grind-out by using a radius of
approximately 4.0 mm.
(a) AISI 4340 (b) AerMet R©100
(c) AISI 4340 grind-out dimen-
sions
(d) AerMet R©100 grind-out
dimensions
Figure 3.3: Grind-out profile using CNC mill
A major issue with machining the grind-out was the consistency of its grind-
out depth. Unfortunately, the as-received AISI 4340 steel plates were distorted
due to the small thickness of 7.0 mm. Therefore, a variation of depths was
produced across the plate during machining of the grind-out. Straightening of
the plates was attempted. However, due to the very high strength of the steel,
straightening could not be achieved. For future small scale testing, the plates
must be completely flat for a consistent grind-out depth. One method is to
purchase the plates at excess thickness, then surface grind the plates flat to the
desired thickness.
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3.4 laser cladding procedure
3.4.1 Nd:YAG laser
A high power 2.5 kW fibre-coupled Rofin Sinar Nd:YAG laser was used for the
cladding process. The laser optics consists of a 200 mm collimation lens and a
200 focusing lens. The laser was operated in continuous mode for a constant
power output.
The spatial power density distribution was experimentally measured using
Primes c©FocusMonitor, in accordance with their provided manual. Using the
collected data, the laser beam diameter was calculated by Primes c©Laser Diag-
nostic Software v2.73, corresponding to 86D of the Gaussian beam profile at
different defocusing lengths. The defocusing length is defined as the distance
away from the focal length between the laser optical head and the surface of
the substrate. The 86D is defined as the diameter where the area contains 86%
of the beam power. The relationship between 86D and defocusing distance is
linear, as shown in Figure 3.4, which is expected. A similar laser setup was also
used by Salehi [106].
Figure 3.4: Laser spot diameter as a function of defocusing distance at a constant laser
power of 1000 W at the focus monitor
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The laser spot diameter selected was 2.5 mm (Gaussian beam intensity pro-
file shown in Figure 3.5), which is a typically used diameter in other applica-
tions [36]. Therefore, for the laser cladding setup, the laser optical head was
located 204 mm from the substrate surface producing a laser spot diameter of
about 2.5 mm.
(a) 3D view (b) 2D view
Figure 3.5: Gaussian beam intensity profile for 2.5 mm laser beam diameter (86D) at
1000 W power at the focus monitor
3.4.2 Powder delivery system
For both the cladding of AISI 4340 (Figure 3.6a) and AerMet R©100 (Figure 3.6b)
substrates, a Sulzer-Metco single 10 powder feeder was used to deliver the
powder through a side injection nozzle into the melt pool. The side injection
nozzle was selected over coaxial nozzle due to the availability and convenient
access. The powder mass flow rate was controlled by the rotation speed of the
dosing disk equipped in the powder feeder. Argon was used as both the carrier
and shielding gas at a flow of 15 L/min. The powder delivery nozzle diameter
was 2 mm and it was located 11 mm from the substrate surface at an angle of
250 from the normal, as shown in Figure 3.6c.
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(a) AISI 4340 plate (b) AerMet R©100 round bar (c) Schematic representation
Figure 3.6: Laser cladding setup
The rotation speed of the dosing disk was calibrated with m˙ of AISI 4340
steel powder. m˙ was measured by weighing the powder delivered in one
minute for a fixed rotation speed, at six different rotation speeds. m˙ increases
proportionally to the rotation speed, giving a linear fit, which is expected [106],
as shown in Figure 3.7.
Figure 3.7: Measured powder flow rate against rotation speed of the dosing disk
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3.4.3 Processing parameters
The optimum processing parameters, as determined from the geometric clad
model in Chapter 4 are summarised in Table 3.3. The laser clad heat input
was approximately 75 J/mm. The optimal processing parameters is known
as the feasible range, which brings out a quality clad layer with a specific clad
thickness, with minimum dilution, and very little porosity and micro-cracking.
Table 3.3: Optimum laser cladding processing parameters used for the two substrates
Parameter AISI 4340 plate AerMet R©100 bar
Laser spot diameter (mm) 2.5 2.5
Laser power (W) 1250 774
Laser traverse speed (mm/min) 1000 650
Powder flow rate (g/min) 12.5 12.5
Step-over width (mm) 1.0 1.0
3.4.4 Laser cladding of AISI 4340 mechanical test plates
AISI 4340 substrate was sand blasted prior to cladding to remove any grease
and grime, and then the plate was clamped onto the work piece. The plate was
laser clad using the optimal processing parameters to fill the grind-out region,
as illustrated schematically in Figure 3.8a and Figure 3.9. The clad length was
19.0 mm with a step-over width of 1.0 mm (which was 50-55% of the clad
width). A total of 158 overlapping tracks was required to fill the grind-out
area, with the surface finish shown in Figure 3.10. The top surface of the clad
layer was removed by a Elliott 921 magnetic grinding machine equipped with
an aluminium oxide abrasives wheel to ensure the test section of the plate
was completely flat, as illustrated schematically in Figure 3.8b). Finally, each
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plate was wire-cut into four dog-bone specimens, as illustrated schematically
in (Figure 3.8c), which were used for tensile and fatigue testing (see Section 3.12
for further details of the test specimen dimensions).
(a) (b) (c)
Figure 3.8: Schematic representation of the experimental procedure for the laser
cladding of the tensile and fatigue test plates of AISI 4340 substrate
Figure 3.9: Image during the laser cladding process of AISI 4340 substrate
Figure 3.10: Macro-image of the AISI 4340 steel plate after laser cladding process
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3.4.5 Laser cladding of AerMet R©100 round bars
Each AerMet R©100 round bar, was initially machined into test specimens (see
Section 3.12 for further details of the test specimen dimensions), and then sand-
blasted to remove any dirt and grease. The specimens are then clamped into a
chuck, as shown in Figure 3.6b, that rotated at a given laser traverse speed. The
process also required a constant linear velocity to match the step-over width of
1.0 mm, given by Equation 3.1.
VL =
Vds/o
piDs
(3.1)
where VL is the linear velocity (mm/min), V is the laser traverse speed
(mm/min), ds/o is the step-over width (mm), and Ds is the diameter of the
test section. Ds was 5.6 mm (grind-out test section) and the calculated VL used
for this experiment was 43.2 mm/min.
The bars were laser cladded using the optimum processing parameters to
fill the grind-out region, as illustrated schematically in Figure 3.11a. However,
using the optimised parameters, the laser beam melted the test section of the
specimens, hence fractured during the cladding process. This was attributed
to the overheating as a result of the high heat input on the small diameter test
section (low thermal mass). Consequently, the processing parameters was ad-
justed by reduced the power from 1250 W to 774 W, while all other parameters
remained the same, as shown in Table 3.3. Using 774 W successfully deposited
the clad layer. However, it was still evident that overheating was an issue, as
shown by the photographs in Figure 3.12.
A total of 14 clad tracks was required to fill the grind-out area, as shown
in the Figure 3.13. Excess clad was removed using a Okuma LB 3000 EX CNC
3.4 laser cladding procedure 67
lathe machine to ensure the test section of the bar was the same as the substrate
diameter of 7.0 mm, as illustrated schematically in Figure 3.11b.
(a) (b)
Figure 3.11: Schematic of the experimental procedure for the manufacture of
AerMet R©100 steel clad specimens
(a) Middle stage of cladding (b) End
Figure 3.12: Image during the laser cladding process of AerMet R©100 substrate
Figure 3.13: Macro-image of the AerMet R©100 steel round bar after laser cladding pro-
cess
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3.5 post-clad heat treatment (pcht)
A traditional post-weld heat treatment (PWHT), also known as stress relieving
heat treatment, was not used since the tempering would also significantly re-
duce the high substrate hardness and strength of the substrate. In this study, a
different post-clad heat treatment (PCHT) process on the AISI 4340 clad plates
was used. The PCHT process was performed as a standard annealing, harden
and temper heat treatment process, in accordance with AMS standard 2759/2F
[105]; annealing at 830 oC for 1 hour followed by slow cooling, and then harden
by heating to 850 oC for 1 hour, followed by oil quench, and finally temper at
220 oC for 4 hours.
3.6 microscopy
Samples were cross-sectioned using a Struers Discotom-100 machine and a
diamond abrasive saw. The cross-sectioned specimens were mounted using a
Struers hot mounting press in epoxy using 150 N force at 150 oC heat for 7min.
A 250, 400, 600, 800, and 1200 grit size, wwas used to grind each sample. An
applied force of 150 N and 10-30 seconds was used on each grinding stage. A 9,
3, 1, and 0.25 µm diamond paste was used to polish each sample. An applied
force of 150 N and 15-20 min was used on each polishing stage. A 2% Nital
solution was used to show the microstructure of AISI 4340, and 10 mL HNO3
+ 20 mL HCl + 30 mL H20 solution was used to show the microstructure of
AerMet R©100, in accordance with standard ASTM procedure E407. Microscopic
examination was conducted using a Leica MEF3 optical microscope.
3.7 grain size measurement
The average grain size was measured at various locations in the clad layer,
HAZ, and substrate, in accordance with ASTM procedure E112, using the grain
intercept methods through the following set of equations:
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G =
L
Ni
(3.2)
n = [−6.644log(G)] − 3.288 (3.3)
Where Ni is the total number of grain intersection points, L (mm) is the total
test line length, G (mm) is the average grain size, n is the ASTM grain size
number. The magnification used on the microscope was 100x. For a statistically
relevant accuracy, a total of 6 test lines were drawn for each measurement and
the average grain size was recorded.
3.8 composition
A Phillips XL30 equipped with EDAX R© SSD X-ray detector was used to anal-
yse the composition of both the clad layer and substrate. A 10 mm working
distance (distance between the surface of the material and the electron beam)
and a 500x magnification was used. The main alloying elements were quanti-
fied consisting of iron (Fe), cobalt (Co), chromium (Cr), nickel (Ni), and silicon
(Si).
3.9 temperature measurement
Phase transformation in laser cladding process was determined from a thermal
FE Model. The temperature measurements were carried out to validate the ther-
mal FE Model. The heating and cooling cycles was measured using a Scope R©
data processor and Omega R© k-type thermocouple with a wire diameter of
0.125 mm. The thermal cycles of laser cladding process has a very short in-
teraction time at the peak temperature which are in the sub millisecond scale.
Therefore, to accurately measure the magnitude of the peak temperatures, a
rapid response signal was required between the cladding process and ther-
mocouple. Smaller wire diameter thermocouples (such as the 0.125 mm used)
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gives more accurate measurement [107].
Three 1.5 mm diameter holes were drilled at specific depths in the AISI 4340
substrate so that the distance between the thermocouples and the surface of
the substrate was 0.5 mm, 1.0 mm, 1.5 mm, as shown in Figure 3.14. The sub-
strate thickness was 7.0 mm (similar dimensions used for cladding the tensile
and fatigue test plates).
Figure 3.14: Schematic drawing of the thermocouple experiment
Each thermocouple was inserted into a Omega R© ceramic thermocouple in-
sulator. The ceramic insulator with diameter of 1.2 mm, consisted of two inner
hole with diameters of 0.254mm. The positive and negative ends of the thermo-
couple were inserted into each of the holes. For an accurate measurement, it’s
important that the junction of the thermocouple is in contact with the substrate.
The use of the ceramic insulator allowed the junction of the thermocouple to
be compressed against the substrate. Omega R© high temperature cement glue
was used to hold the ceramic insulator in place. To avoid electric conduction
during contact of the junction and substrate, a thin layer of cement glue was
used to coat the junction.
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The laser was used to heat the plate without powder addition, in accordance
with a specific range of laser processing parameters shown in Table 3.4. Both
single and multi-track paths were tested for each processing parameter. A re-
sultant temperature vs. time graph was obtained for each set of processing
parameters. These results are used to validate the thermal FE model in Chap-
ter 5.
Table 3.4: Laser input parameters for temperature measurement
Trial number Laser power Laser traverse speed
W mm/min
1 300 600
2 300 1000
3 300 1400
4 500 600
5 500 1000
6 500 1400
7 700 600
8 700 1000
9 700 1400
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3.10 microhardness
Each sample was polished to a 1200 grit size finish for optimal microhardness
measurements. Microhardness measurements were performed using a LECO
LM700AT micro-hardness tester. For statistically viable accuracy, a total of 3
hardness measurements were taken for each point. The microhardness indents
were taken at a spacing of 0.2 mm. For each indent, an applied load of 300 gf
was held for 15 seconds, in accordance with standard ASTM procedure E384.
3.11 residual stresses
Cladding of residual stress samples was performed using the same processing
parameters as the ones used for the tensile and fatigue testing. For the AISI
4340 substrate, the dimensions of the clad layer were 30 x 30 mm2 with a clad
thickness of 1.5 mm, as shown in Figure 3.15a. To simplify the experiment,
each sample was wire-cut to remove the substrate material from the edges to
achieve a 30 x 30 mm2 sample. An isotropic planar stress condition was as-
sumed.
(a) AISI 4340 (b) AerMet R©100
Figure 3.15: Macro-image of the clad sample used for neutron strain measurement. For
AISI 4340, the samples were wire-cut, as indicated by the red line rectangle
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For the AerMet R©100 substrate, the dimensions of the clad layer was 45 mm,
as shown in Figure 3.15b. For a statistical accurate approach, the clad layer is
assumed to be an semi-infinite cylinder. The central 30 mm will be used for
measurements. The desired boundaries must be at least one diameter away
from the edge of the clad layer (Saint Venant principle of theory of elasticity
[108]). Therefore, a 90mm clad length is required for a 30mm diameter sample,
however, it is not desirable since the dimensions does not represent the repair
specimens. Note, the 7 mm diameter sample was not used due to complexity
of measurements on small diameter specimens and also time restrictions.
For both AISI 4340 and AerMet R©100, residual stress profiles were measured
using a neutron beam diffractometer at the Australian Nuclear Science Tech-
nology Organisation (ANSTO), as shown in Figure 3.16. The elastic strain of
the crystal lattice can be detected from the shift in diffraction peaks [66]. A
wavelength of 1.67 Å and a diffraction from Fe {211} reflection, was used for
the monochromatic neutron beam resulting in a scattering angle (2θ) approxi-
mately 90o. For AISI 4340, a gauge volume of 0.5 x 0.5 x 20 mm3 was used for
the neutron strain measurements. For AerMet R©100, a gauge volume of 2 x 2 x
30 mm3 was used for the neutron strain measurements.
Figure 3.16: Experimental setup of the neutron strain measurements at ANSTO
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For the AISI 4340 samples, fourteen depth points were measured for each
sample in the vertical direction through the clad layer, HAZ, and substrate at
a spacing of 0.5 mm for a total distance of 7.0 mm. Each of the fourteen depth
points were measured in three principle directions (two in plane directions and
one normal to the surface). For statistically viable accuracy, a total of 5 mea-
surements were taken for each of the three principle directions, and the average
diffraction peak was recorded. The sin2ψ method was used to calculated the
lattice spacing (do) and stresses, assuming bi-axial stress state condition. Refer
to Section C.1 for a detailed calculation of do and residual stress.
For the AerMet R©100 samples, thirteen points were measured (five points in
the clad layer and eight in the substrate). Each of the thirteen depth points
were measured in three principal directions (hoop, radial, and axial). For sta-
tistically viable accuracy, a total of five measurements were taken for each of
the three principle directions and the average diffraction peak was recorded.
Finally, the stress was calculated using Hook’s law. Refer to Section C.2 for a
detailed calculation of do and residual stress.
3.12 tensile testing 75
3.12 tensile testing
Axial tension testing was performed using a 250 kN MTS testing machine us-
ing a strain rate of 1.0 mm/min, in accordance with ASTM procedure 8M
(dimensions shown in Figure 3.17). Strain was measured using a 25 mm MTS
extensometer. Four specimens were tested for each variable treated sample and
the average was recorded. For comparison, the tensile properties of both the
substrate and substrate with grind-out were also tested.
(a) AISI 4340
(b) AerMet R©100 round bar
Figure 3.17: Dimensions of tensile specimens (all dimensions in mm), where the
shaded area represents the clad layer
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3.13 fatigue testing
Axial constant amplitude fatigue testing was performed using a 100 kN MTS
testing machine using R ratio of 0.1 and 10 Hz frequency, in accordance with
ASTM E466. The dimensions of each specimen are shown in Figure 3.18. Test-
ing was performed at standard room temperature. The results of the fatigue
tests are presented as a stress life (S-N) plot, in accordance with ASTM E739.
For each variable, three to four specimens were tested at four different stress
levels to produce a preliminary fatigue S-N curve, for a total of sixteen speci-
mens per variable.
(a) AISI 4340
(b) AerMet R©100 round bar
Figure 3.18: Dimensions of fatigue specimens (all dimensions in mm), where the
shaded area represents the clad layer
For the AISI 4340 fatigue dog-bone specimens, for a consistent surface fin-
ish across the specimen, the surface of the test section of all specimens was
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machined by removing approximately 5-10 µm off both sides of the specimen
using an Elliott 921 magnetic grinding machine with a fine grade 125-220 µm
grit size, as shown in Figure 3.19a. The approximate surface roughness values
of the AISI 4340 specimens (measured in the longitudinal direction across the
test section) were RA = 0.2 µm and RZ = 2.0 µm. Similarly for AerMet R©100
specimens, the surface of the test section of all specimens of approximately
5-10 µm was removed using a Okuma LB3000 EX CNC machine, as shown in
Figure 3.19b. The approximate surface roughness values of the AerMet R©100
specimens (measured in the longitudinal direction across the test section) were
RA = 0.4 µm and RZ = 2.7 µm.
(a) AISI 4340
(b) AerMet R©100
Figure 3.19: Surface finish of the fatigue specimens
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3.14 fractography observations
The ends of the fracture surfaces from the dog-bone specimens were cut using
a Struers Discotom-100 machine with a diamond abrasive saw. The fracture
surface specimens were cleaned using an ultrasonic bath for 180 s. Fracture
surface images were obtained using a Phillips XL30 Scanning Electron Micro-
scope. A 30 kV electron beam and 4.0-5.0 mm spot size was used at a 10 mm
working distance.
3.15 summary
Chapter 3 detailed the experimental setup and procedures to assess the effect
of laser cladding on metallurgical, mechanical properties and fatigue behaviour
of ultra-high strength steels. Two ultra-high strength steels were selected as the
substrate and alloy powder: AISI 4340 and AerMet R©100. The material prepara-
tion and heat treatment of the substrates and powders were discussed in detail.
A 2.5 kW Nd:YAG laser with a side injecting powder nozzle was used for
the cladding experiments. The clad layers were deposited successfully. How-
ever, there were issues with overheating of the substrate which was attributed
to the small substrate thickness.
The following Chapter 4 investigates the processing parameters of laser
cladding and the effect on clad geometry and defects. An empirical model
is developed to determine the optimum range of processing parameters and is
used for the cladding of the metallurgical and fatigue test specimens, with the
results detailed in Chapter 5, Chapter 6, and Chapter 7.
Part IV
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L A S E R C L A D D I N G P R O C E S S I N G M A P F O R A I S I 4 3 4 0 A N D
A E R M E T R© 1 0 0 S U B S T R AT E
4.1 introduction
The integrity of deposited clad layer plays a critical role on the overall per-
formance of the repair. Defects such as porosity and lack of fusion bond can
degrade the fatigue life significantly, especially with the sensitivity of brittle
fracture of ultra-high strength steels. It is important to eliminate these defects.
A stable cladding process is required to achieve a statistically reproducible re-
sult which can be used by future engineers for repair.
While laser cladding has been around for many years, the process still re-
quires attention when developing new applications. The major issue is the
range of parameters to be optimized which are system dependent. Changes
in the laser and powder delivery system can yield different results [8]. Many
statistical based models are developed to establish a more reliable approach to
cladding process [36, 85, 86, 87, 88, 89, 90, 91, 92]. Statistical models contribute
a fast and accurate approach to a process model of laser cladding process opti-
misation.
In this chapter, the focus is to achieve a high quality, multi-track clad coat-
ing, for repair of both AISI 4 3 4 0 and AerMet R©100 ultra-high strength steel
aero-components. The two aims of this chapter are: (1) Derive a processing
model using empirical methods, based on linear regression, to model a laser
processing window which produces a quality multi-track clad layer with min-
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imum dilution, no micro-cracks and porosity. (2) A deeper understanding of
the fundamental knowledge of laser cladding process.
4.2 empirical method
A Taguchi experimental design method using a 3-(3,3,1) orthogonal array is
used in this study to test a wide range of processing parameters. Three key
processing parameters were used for analysis, laser powder (P), traverse speed
(V), and powder mass flow rate (m˙). A typical used laser cladding range of V
of 600-1400 mm/min was used with step interval of 400 mm/min. Power den-
sity E = 4P/(piD2) was used to calculate the approximate range of P given the
laser beam diameter of 2.5 mm and the average power density for melting in
this cladding application of 100-200 W/mm2 [37]. Using the three processing
parameters, a total of 27 different combinations of processing parameters are
selected for single track cladding, as shown in Figure 4.1.
Figure 4.1: Taguchi design space of the three processing parameters
The study of clad thickness (CH) and clad width (CW) is the integral geom-
etry of the clad layer (Figure 4.2), especially in multi-track clad layers where
inter-run porosity occurs (refer to Figure 2.7b. The appearance of inter-run
porosity is highly dependent on the clad aspect ratio (AR = CW/CH). The pro-
cessing parameters and the AR which they produce are significant, since an
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incorrect AR will tend to cause porosity formation between overlapping clad
tracks because the subsequent clad layer are affected by the obtuse Ca (i.e.
clad angle in Figure 4.2) [15]. The obtuse Ca blocks the laser beam resulting
in unmelted powder on the overlapping region at the clad interface. This can
occur when too much powder is supplied, and can be avoided by developing
an aspect ratio above three [10, 109].
Figure 4.2: Schematic of a cross-section view and dimensions of a single track layer
Ca is calculated by selecting two points of the outline of the clad layer and
determining the gradient (Equation 4.1). Ca can also be calculated using a
mathematical equation developed by Felde et al. [90] given the measured CW
and CH (Equation 4.2), and assuming the cross-section edge of the clad layer is
the circumference of an arc.
Cα =
y2 − y1
x2 − x1
(4.1)
Cα =
pi
2
− arctan
(
4·CH −C2W
4·CH −CW
)
(4.2)
An empirical method using linear regression method [110] is developed us-
ing MATLAB R©. The aim is to: (1) predict the geometric effects for any given
combination of processing parameter, and (2) develop a processing map to
optimise the clad process. Both single track and multi-track cladding process
will be considered. For single track clad layer, each measured geometrical ef-
fect (CH,CW ,D%,Cα) is correlated against a combined processing parameter
f(P,V , m˙), given by Equation 4.3. Y is defined as the geometrical feature. The
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combined parameter X (Equation 4.4) is determined from optimising the con-
stants of α, β, and γ to maximise R2. The magnitude of the effect of each
processing parameter is governed by the values of α, β, and γ. Zero denoting
no effect and one denoting maximum or significant effect.
Y = aX+ b (4.3)
where X = PαVβm˙γ (4.4)
For 500 6 P 6 1500
600 6 V 6 1400
10 6 m˙ 6 30
The single track clad layer can be modelled using simple geometry. The clad
layer is split into two components: (1) clad profile and (2) dilution profile. The
clad profile is modelled by assuming the shape of the clad layer is semi ellipti-
cal formed using the variables of CH, CW , and Cα, as shown in Figure 4.3a. The
melt profile is assumed to be a quadratic function formed using the variables
of CW and DH, as shown in Figure 4.3b.
(a) Clad profile using an ellipse shape. (b) Dilution profile using a quadratic curve
Figure 4.3: Sketch of the geometry modelling for single track clad
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Clad profile:
x2
a2
+
(y+ b−CH)
2
b2
= 1 (4.5)
Where a =
CW
2 cos(Cα − 90)
b =

CH
1−sin(Cα−90)
if Cα > 90
CH
sin(Cα−90)−1
if Cα < 90
Melt profile:
y =
DH
(0.5CW)2
x2 −DH (4.6)
The multi-track clad is modelled by assuming the overlapping track is cladded
on an angled substrate (Figure 4.4). The angle of incidence of the laser changes
and an increased clad height is expected. The control of the single track clad
layer plays a crucial role in the formation of the multi-track clad. The step-over
width (s/o) is assumed to be at least 50% of CW . The x and y values in Equa-
tion 4.7 and Equation 4.8 are the coordinates of the single track clad layer. The
clad layer thickness reaches a maximum constant value after a certain number
of overlapping tracks, which is denoted as CH−overlap. It is assumed that the
CH−overlap reaches a maximum constant value after the 2nd overlapping clad
track.
Figure 4.4: Schematic representation of the geometry modelling for multi-track clad
layer
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xoverlap = x cos(θ) − y sin(θ) − s/o (4.7)
yoverlap = x sin(θ) − y cos(θ) (4.8)
Where: θ = tan
(
y1
CW
)
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4.3 modelling single-track clad
After cross-sectioning each single track clad, for both AISI 4340 and AerMet R©100,
and for all processing parameters, no internal micro-cracks and no porosity
were observed, as shown in Figure 4.5 and Figure 4.6. A 2% nital etchant was
used to distinguish the clad layer, HAZ, and substrate.
The results show that increasing laser power results in an increase of clad
thickness, clad width, dilution, and HAZ depth, which was expected [8, 36].
Increasing laser speed results in a decrease in clad thickness, clad width, and
HAZ, and an increase in dilution. Increasing powder flow rate has little effect
on the clad width, increases clad thickness, and decreases dilution and HAZ.
The single-track clad formation of AISI 4340 and AerMet R©100 were similar
in cross-section appearance. This was expected since the same processing setup
was used for both clad materials. One major difference is the formation of the
melt region. AISI 4340 showed insufficient melting on the edges of the single
track clad layers, which is due to the viscosity of the melt. While AerMet R©100
clearly showed consistent melting, between the clad layer and substrate mate-
rial. This is attributed to the difference in composition between AISI 4340 and
AerMet R©100. Other minor differences in results exist, which was due to the
different geometry of substrate material used. The cladding of AISI 4340 was
performed on flat plate substrate, while the cladding of AerMet R©100 was per-
formed on round cylinder bars. The different substrate geometry and thickness
can affect the melt pool formation, powder efficiency and thermal history.
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Figure 4.5: Cross-section view of AISI 4340 powder on AISI 4340 substrate. Single track
clad layers
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Figure 4.6: Cross-section view of AerMet R©100 powder on AerMet R©100 substrate. Sin-
gle track clad layers
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For all four geometrical parameters studied (CH, CW , dilution, and Cα), the
linear regression analysis shows a good correlation of R2 > 0.9. The optimum
combined complex parameter to linearly correlate CH is P0.6V−1, where the re-
gression line has a high correlation factor of 0.96, as shown in Figure 4.7. In
other research, de Oliveira et al. [36] used m˙V−1 to correlate CH, while Felde
et al.[90] used P0.5m˙0.5V−1 and El Cheikh et al.[88] used P0.25m˙0.75V−1. The var-
ied constants of α and β used for the regression are due to the following: (1)
for the same beam diameter, different optical laser system causes varied laser
beam intensity profile, (2) different powder delivery system, and (3) density of
the powder material causing varied powder efficiencies.
Figure 4.7: Correlation of CH vs. combined parameter PαVβm˙γ
CW is linearly correlated using P0.7V−0.2m˙−0.1 for R2=0.96 (Figure 4.8). The
expected CW is approximately 2.5mm since the measured laser spot diameter
of the Gaussian profile is also 2.5mm. However, there is a minimum energy
required to melt the powder which does not correspond to the maximum di-
ameter of the laser beam. In addition, varying the processing parameters will
induce a change in diameter. CW increases with P and is the main influence
since the diameter of the laser beam widens as P is increased; as a result more
powder is melted on the side of the clad layer. Increasing m˙ showed a small
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decrease in CW , as a higher quantity of powder is blown into the melt pool,
the minimum power density required to melt the powder increases. As a re-
sult, less powder will be melted on the side of the clad layer. CW decreases
with V since less powder is melted. In other literature, m˙ was neglected in the
complex parameter since the effect on CW is minimal. El Cheikh et al.[88] used
P0.75V−0.25 to correlate CW providing a high R2=0.93. de Oliveira et al. [36] used
a similar complex parameter of PV−0.5 with R2=0.95.
Figure 4.8: Correlation of CW vs. combined parameter PαVβm˙γ
The optimum combined complex parameter to linearly correlate dilution is
P0.4V0.2m˙−0.6, where the regression line has a high correlation factor of 0.94, as
shown in Figure 4.9. It approximated that dilution occurs when P0.4V0.2m˙−0.6=50.
Below this value, insufficient melting or detachment of the clad layer occurs.
Dilution increases with increasing P, increasing V, and decreases with increas-
ing m˙. Steen and Powell [111] showed that dilution increased linearly with
P/V . Other literature [36, 90] has shown that dilution increases with increasing
V. Felde et al. [90] used PVm˙−1 to correlate dilution where R2=0.9was achieved.
de Oliveira et al. [36] used (PV/m˙)0.5 and achieved R2=0.92. The increase in di-
lution with increasing V is due to less laser power absorbed.
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Figure 4.9: Correlation of D% vs. combined parameter PαVβm˙γ
The optimum combined complex parameter to linearly correlate the Cα is
P−0.2V−0.6m˙0.6, where the regression line has a high correlation factor of 0.96,
as shown in Figure 4.10. Controlling Cα allows consistent melting of the over-
lapping clad track in multi-track cladding, and plays a crucial role in eliminat-
ing the inter-run porosity. The linear regression shows that m˙ and V have a
major effect on Cα.
Figure 4.10: Correlation of Cα vs. combined parameter PαVβm˙γ
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Figure 4.11 shows that the semi-elliptical clad profile (Equation 4.5) and
quadratic melt profile assumptions (Equation 4.6) have a good correlation with
the experimental clad layer profiles.
Figure 4.11: Validation of single track geometry for both AISI 4340 and AerMet R©100
powders
4.4 modeling multi-track clad
For all multi-track clad layers (Figure 4.12 and Figure 4.13), no micro-cracking
was observed. However, inter-run and clad porosity was observed on some clad
layers. Figure 4.12 and Figure 4.13 shows that the processing parameters have
a significant effect on the appearance of inter-run porosity. The overlapping
melt region showed a similar DH to the first track. The wave-like pattern of
etchant colour in each AISI 4340 clad is due to the tempering effect during the
clad process, which changes the clad microstructure, and will be discussed in
Chapter 5.
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Figure 4.12: Cross-section view of the AISI 4340 powder on AISI 4340 substrate. Multi-
track clad layers
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Figure 4.13: Cross-section view of the AerMet R©100 powder on AerMet R©100 substrate.
Multi-track clad layers
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The clad thickness is greater in multi-track clad, as compared to a single track
clad. The increase of clad thickness is due to overlapping tracks, where the
overlapping track melts over the top of the single track rather than over a flat
surface causing an elevation of the clad layer [51]. Figure 4.14 shows that the
modelled CH-overlap agrees with the experimentally measured CH-overlap which
means the overlapping clad layer can be assumed to be deposited over an an-
gled substrate. CH-overlap is also dependent on the s/o width. If the s/o width
is too large (>60% of CW), the CH-overlap will decrease, while a small s/o width
(<50% of CW), the CH-overlap will increase significantly. For a smooth multi-track
clad layer, it is important to obtain a s/o width of approximately 50-60% of CW .
Figure 4.14: Calculated CH-overlap using Equation 4.8 against the measured CH-overlap
for both AISI 4340 and AerMet R©100 powders
Inter-run porosity can be avoided by reducing m˙, increasing P, and increas-
ing V above a certain range. The general criteria to avoid inter-run porosity
is to reduce the overlapping overhang by achieving a Ca > 100o [36]. Steen
[10] showed a minimum AR of 5 is required to avoid inter-run porosity. Henry
et al. [47] have shown only a minimum AR of 1 is required to avoid inter-run
porosity for the cladding of nickel alloy Hastealloy powder on stainless steel
base. Figure 4.15 shows, that for ultra-high strength steels, inter-run porosity
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can be avoided by depositing a clad layer above an AR of 4.
Figure 4.15: The effect of AR on inter-run porosity based on visual appearance of the
multi-track clad layers in Figure 4.12 and Figure 4.13
4.5 operating window
Figure 4.16 shows a constructed processing window for both AISI 4340 and
AerMet R©100 ultra-high strength steels based on the experimental data. P and
V are the two controlled processing parameters, while D and m˙ are kept fixed
at 2.5 mm and 15 g/min respectively. CH increases on a curved path where the
combined parameter dictates V ∝ P0.5 (Figure 4.7). CW increases dramatically
due to the combined parameter function of V ∝ P3.5 (Figure 4.8). Dilution
decreases on a curved path following the function V ∝ P−2 (Figure 4.9. The
AR=4 line represents the boundary for the occurrence of inter-run porosity.
Below the AR=4 line, inter-run porosity will occur (Figure 4.15).
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Figure 4.16: Process window for both AISI 4340 and AerMet R©100 with a constant m˙ =
12.5 g/min, D = 2.5 mm, and s/o = 60% of CW
The selected CH can vary depending on the application of repair. Typically a
grind-out repair requires a minimum clad thickness to cover the entire grind-
out region, with additional thickness for machining. The advantage of build-
ing a processing window is that a desired clad thickness can be selected. For
this research, a minimum CH−overlap of 0.7 mm is required for the repair. The
multi-track clad thickness CH−overlap was calculated by adjusting CH using
Equation 4.8 with a s/o of 60% of CW . A dilution between 15-20% was selected
for the optimum range. Selecting a dilution lower than 15% will cause insuffi-
cient metallurgical bonding on the edges of the overlapping tracks, especially
for AISI 4340 clads (Figure 4.5). Figure 4.17 represents low dilution, no porosity,
no micro-cracking multi-track quality clad layers, with the corresponding pro-
cessing parameters listed in Table 4.1, that can be possibly used for a ultra-high
strength steel repair scenario.
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(a) Experimental cross-section
(b) Modelled cross-section
Figure 4.17: Optimum multi-track clad layer selected for AISI 4340 powder on AISI
4340 substrate. A similar quality clad layer was produced for the cladding
of AerMet R©100 powder on AerMet R©100 substrate
Table 4.1: Processing parameters selected for the optimum multi-track clad layer for
both AISI 4340 and AerMet R©100
D P V m˙ s/o width CW CH-overlap Dilution
mm W mm/min g/min mm mm mm %
2.5 1250 1000 12.5 1.0 1.9 0.77 14.3
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4.6 summary
An empirical laser cladding model was developed using simple linear regres-
sion method that showed a high correlation factor with experimental data. This
model provides a fast and reliable approach on the processing procedure for
laser cladding of ultra-high strength steels. Engineers and researchers that are
developing new laser cladding procedures can utilise this model to analyse
the cladding process. A fundamental understanding between single-track and
multi-track clad layers is derived using simple geometric model.
This chapter discussed the effect of laser cladding processing parameters
on the cladding of two different ultra-high strength steel materials: (1) AISI
4340 powder on AISI 4340 plate substrate and (2) AerMet R©100 powder on
AerMet R©100 round bar substrate. The results of the experimental and empiri-
cal analysis indicate that:
• No micro-cracking and very little clad porosity distribution is observed.
However inter-run porosity was a problem.
• An inter-run porosity free clad layer can be achieved for AR>4.
• The linear regression method correlated well with the experimental work.
• An optimum processing window was developed to achieve a range of
processing parameters that result in a high quality coating.
• The selection of processing parameters for a low dilution and high quality
multi-track clad layer is as follow: P=1250W, V=1000 mm/min, m˙=12.5
g/min. These processing parameters will be used for the analysis of me-
chanical properties and fatigue behaviour of samples in Chapter 6 and
Chapter 7.
5
M I C R O S T R U C T U R E C H A R A C T E R I S AT I O N O F L A S E R
C L A D D I N G O F A I S I 4 3 4 0 S U B S T R AT E
5.1 introduction
The mechanical properties and fatigue behaviour in AISI 4 3 4 0 steel are highly
influenced by its microstructure. The microstructure formation of steels has
been well documented in studies of bulk heat treatment [48, 54, 55]. In gen-
eral, a steel microstructure can consist of phases of austenite, ferrite, bainite,
and martensite. Each structure gives very different mechanical properties [54],
where the corresponding phase formation is highly dependent on the heating
temperature and cooling rates.
The microstructure formation in a cladded steel is similar to that formed by
a bulk heat treatment process, but is very complex due to the following factors:
(1) uncontrolled and very local high temperature heat treatment in the clad
layer and HAZ and (2) multi-track laser cladding which causes subsequent
re-heating and leading to complicated thermal cycles. Variation of laser pro-
cessing parameters can influence the thermal history, and as a result, changes
the final microstructure [102].
This chapter details the analysis of the microstructure evolution at critical
locations in the clad layer and HAZ in multi-track cladding of AISI 4 3 4 0
steel. The study will include (1) thermal FE modeling to study the phase trans-
formation, (2) optical microstructure and (3) microhardness analysis. These
results are used to understand the mechanical properties, fatigue and fracture
behaviour of laser clad specimens in the next chapter (Chapter 6).
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5.2 thermal fe model
5.2.1 Parametric details
ANSYS 14.0 3D transient thermal FE model (recall the Governing equation
given in Equation 5.1) coupled with mechanical APDL (ANSYS Parametric
Design Language) is used to solve the temperature field for a cladding process
for any given laser processing parameter [112].
ρ
∂(cp(T))
∂t
=
∂(kp(T))
∂x2
+
∂(kp(T))
∂y2
+
∂(kp(T))
∂z2
(5.1)
Where, k(T) is the temperature dependent thermal conductivity (W/moC),
cp(T) is the temperature dependent specific heat (J/kgoC), and ρ is the density
of the material (kg/m3).
Figure 5.1a shows the geometry and boundary conditions of the thermal FE
model. The dimensions of the substrate was similar to the dimensions used
in the experimental trials - this is crucial, especially for validation, as thermal
mass of the substrate plays a crucial role in the thermal history. The geometry
of the multi-track clad was simplified - only the height and width of the multi-
track clad (determined from Chapter 4) was specified in the mesh, as shown
in Figure 5.1b. In addition, the geometry of the multi-track clad in the mesh is
dependent on the laser processing parameters used for the analysis.
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(a) Mesh geometry and boundaries (b) Cross-section view of mesh elements used
Figure 5.1: Geometry and mesh of the thermal FE model
The melt pool is simulated by a moving heat flux where the heat is dissipated
on the top surface of the clad layer by convection (Equation 5.2). The heat
loss due to radiation effect is also considered in the equation using the Stefan-
Boltzmann law.
k
∂T
∂z
= q˙− h1(T − T0) − σε(T
4 − T40 ) (5.2)
Where, q˙ is the specific heat flux (W/m2), h1 is the heat transfer coefficient
(W/m2oC) on the top surface of the clad layer which is considered a forced
convection type, T0 is the initial surface temperature, σ is the Stefan-Boltzmann
constant (W/m2oC4), and ε is the surface emissivity.
The convection on the bottom surface is given by Equation 5.3.
k
∂T
∂z
= h2(T − T0) (5.3)
Where, h2 is the heat transfer coefficient (W/m2oC) on the bottom surface of
the substrate, and is considered a natural air convection type.
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q˙ is calculated by a function of power density multiplied by the Gaussian
distribution [113], moving at a constant laser traverse speed V (mm/sec) and
at any given point (x,y) on the surface of the melt pool, given by the following
equation:
q˙ =
2Pout
pir2
e
−2r(x,y)2
R2 (5.4)
Where: Pout = βηPin (5.5)
Where, r is the radius of the beam spot size at 86D (mm), Pout is the actual
power output of the laser (W), Pin is the CNC laser power setting (W), and
r(x,y) is the radius from the centre of the beam at any given coordinates (mm).
β is the efficiency of the power and η is the effective absorption factor of the
substrate material.
To simplify the moving heat flux problem, the following assumptions are
made:
• Both the AISI 4340 steel clad and substrate material is isotropic and ho-
mogeneous.
• The thermal properties of AISI 4340 steel are temperature dependent and
are given in Figure 5.2. The density AISI 4340 steel is constant and the
value is 7.850 g/m3. These properties can be applied for both the clad
layer and substrate, since the same material is used.
• The clad layer is already deposited when the heat flux is applied. There-
fore the heat loss due to powder injection can be neglected. The geometry
of the clad layer is determined from the geometry model in Chapter 4.
• The effective absorption factor (η) is assumed to be 0.5 for a general steel.
The constant YAG laser power efficiency (β) is experimentally measured,
which is approximately 0.82, as shown in Figure 5.3.
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• The emissivity coefficient and the Stefan-Boltzmann constant for steel is
assumed to be 0.6 and 5.67x10−8, respectively.
• The heat transfer coefficients for the forced and natural convection are
assumed to be 200 and 5 W/m2 oC, respectively [112].
(a) Specific heat [84] (b) Thermal conductivity [83]
Figure 5.2: Temperature dependent thermal properties of AISI 4340 steel
Figure 5.3: Actual output of laser power at the surface of the substrate vs. CNC settings
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5.2.2 Validation
The thermal FE model was validated against experimental temperature mea-
surements in the HAZ, as shown in Figure 5.4 and Figure 5.5. The results
indicate that the transient thermal FE model had a relatively good agreement
with the measured data for both single track and multi-track cladding. Some
discrepancies existed with peak temperatures, which is associated to the cali-
brated assumptions of the heat flux created by the laser.
(a) Varied laser speed at a constant laser power of 500 W
(b) Varied laser power at a constant laser speed of 1000
mm/min
Figure 5.4: Comparison of results between experimental temperature measurements
and thermal transient model of a single track clad. The thermocouple was
located at 0.5 mm below the surface of the melt pool
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(a) Varied depth below surface
(b) Multi-track clad
Figure 5.5: Comparison of results between thermocouple measurement and transient
thermal FE model at a constant laser power of 500 W and a constant laser
speed of 1400 mm/min
Due to complexity of measuring the temperature in the melt pool, the model
was not validated against experimental temperature measurements in the clad
layer. However, since the thermal properties for both the clad layer and sub-
strate are similar, the dissipation of heat in the clad layer is assumed to be
the same as the substrate. Therefore, the thermal cycles in the clad layer is
expected be relatively similar to the thermal cycles in the HAZ, except higher
peak temperatures is experienced.
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5.3 thermokinetic model
The thermokinetic model is used to predict the hardness across the clad layer
and HAZ, at different laser processing parameters, based on the heating and
cooling cycles of the thermal FE model. This model has been used in other
applications, such as laser cladding of AISI 4140 steel [102], and laser surface
hardening [103, 112]. The model assumes that austenite forms instantly when
the material is heated above Ac1 and is dependent only on temperature, which
is a reasonable assumption for initial quench & tempered microstructure of
the AISI 4340 substrate [104]. Cooling austenite rapidly transforms to marten-
site/bainite phases that form from shear displacement of the austenite lattice
[114]. The critical cooling rate of AISI 4340 steel where martensite forms is 8.3
oC/s. Cooling above 8.3 oC/s will cause martensite transformation and below
8.3 oC/s will cause a mixture of constituents including bainite and ferrite.
Martensite transformation occurs during a specific temperature range and is
given by a specific start temperature (Ms) defined by Equation 5.6 [114], and a
finish temperature (Mf-95%) during the cooling phase. There is no clear defined
martensite finish temperature, but often defined at the point where 95% of the
martensite transformation is complete [48].
Ms(
oC) = 512− 453C− 16.9Ni+ 15Cr
− 9.5Mo+ 217(C)2 − 71.5(C)(Mn) − 67.6(C)(Cr) (5.6)
Where,Ms (oC) is the martensite start temperature,Mf−95% (oC) is the marten-
site finish temperature. Ms is physically defined as the initiation temperature
required to drive the martensite transformation which is generally in the range
of 500 to 200 oC depending on the alloying composition. Mf-95% is the temper-
ature where the martensite transformation no longer occurs. The remaining
untransformed austenite is known as retained austenite (RA).
5.3 thermokinetic model 109
The fraction of martensite (fm) that is formed during rapid cooling is cal-
culated based on an empirical relationship of austenite-martensite transforma-
tion, developed by Koistinen and Marburger [115].
fm = 1− fyexp(−0.011(Ms − Tq)) for: Ms > Tq > Mf-95% (5.7)
where: fy = 1.0 for: T > Ac3 (5.8)
fy =
1
Ac3 −Ac1
T for: Ac1 < T < Ac3 (5.9)
Where, Tq (oC) is the lowest temperature reached during quenching, T (oC) is
the peak temperature reached during heating, and fy is the fraction of austenite
prior to the cooling phase. fy is assumed to increase linerly from zero at Ac1 to
one at Ac3 [102].
The fraction of RA (fRy) is calculated from the remaining austenite that was
not transformed into martensite.
fRy = 1− fm (5.10)
In a multi-track clad, tempered martensite could be formed from the re-
heating due to the heat dissipated from the overlapping clad track causing the
martensite formed from the previous clad track to be tempered. For the tem-
pering phase to occur, there must exist fm. Therefore, tempering is activated
based on the following criteria:
• The cooling curve of the previous clad track falls below Ms temperature
or fm>0
• Heating temperature range of the reheat is between 100-Ac1.
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Assuming the tempering hardness is only affected by the tempering tem-
perature and time, the hardness of tempered martensite can be approximated
using empirical tempering parameters developed by Holloman and Jaffe [116].
Htm = H1 + T(
dH1
dt
)ln(1+
log(τ)
C
) (5.11)
where: H1 = −0.6119T + 699 (5.12)
Where, H1 (Hv) is the known empirical relationship of tempering hardness
of AISI 4340 steel against tempering temperature T (oC) for a 1.0 hr hold time
[83, 117], C is the Hollmon-Jaffe constant, and τ (hr) is the tempering hold
time. Another method to determine the hardness of tempered martensite is to
use the solid state non-isothermal annealing condition, and the Johnson-Mehl-
Avrami equation [118], used in [102, 103, 112].
Finally, the final hardness (HT ) is determined by multiplying the volume
fraction of each phase and the maximum hardness of each respective phase,
and adding them all together.
No tempering: HT = fmHm + fRyHy (5.13)
Tempering: HT = fmHtm + fRyHy (5.14)
Equation 5.13 and Equation 5.14 are used to calculate the hardness at each
point of the clad layer and HAZ where the peak temperature exceeds Ac1.
However, there exists a region where the substrate is heated below Ac1, known
as the tempering zone. Assuming the original substrate has been hardened
and temper heat-treated prior to laser cladding, Equation 5.11 can be applied
to calculate the change in hardness of the substrate due to the tempering zone.
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HT = fmHtm for: Ac1 > T > Tt (5.15)
HT = Hs for: T < Tt (5.16)
Where, Hs (Hv) is the substrate hardness, and Tt (oC) is the tempering tem-
perature from the original heat treatment.
All the parameters used for the calculations are adapted from the literature
[48, 102, 112, 83, 119], with the assumption for low alloy steel with a carbon
content of 0.4 wt%.
Table 5.1: Assumed values for the thermokinetic model of AISI 4340 steel
Parameter Value
Lower critical temperature Ac1 727 oC
Upper critical temperature Ac3 815 oC
Melting temperature Acm 1527 oC
Martensite start temperature Ms 298 oC
Martensite finish temperature Mf-90% 204 oC
Martensite finish temperature Mf-95% 80 oC
Hollomon-Jaffe constant C 19.5
Maximum hardness of martensite Hm 700 Hv
Maximum hardness of austenite Hy 150 Hv
Hardness of the substrate plate Hs 590 Hv
Critical cooling rate for bainite transformation 8.3 oC/s
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5.4 phase transformation
The phase transformations in laser cladding of AISI 4340 steel are determined
by superimposing the calculated thermal cycles onto a standard continuous
cooling transformation (CCT) diagram based on the heat treatment of AISI
4340 steel [55]. The boundaries of the CCT diagram and critical cooling rates
for AISI 4340 steel are shown in Table 5.1 and Figure 5.6. The tip of the bainite
nose is determined from the critical cooling rate for austenite to bainite trans-
formation to start, and similarly for ferrite and pealite transformation.
Figure 5.6: Continuous cooling transformation of heat treated AISI 4340 steel [55]
Figure 5.7 shows the results of the thermal FE model. The thermal history
data was superimposed onto a CCT diagram of AISI 4340 steel. Three ther-
mal probe locations were calculated along the clad layer. It is evident that the
thermal history is different at each point across the clad layer. Depending on
the location, the phase transformation presents a complex distribution of mi-
crostructure.
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(a) 1st clad layer
(b) The overlapping region on the 4th clad layer
(c) Final clad layer
Figure 5.7: Calculated heating and cooling rates of the AISI 4340 steel multi-track clad
at three different horizontal locations superimposed onto a CCT diagram.
Processing parameters: Power = 1250 W, traverse speed = 1000 mm/min,
powder flow rate = 12.5 g/min, beam diameter = 2.5 mm
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Figure 5.7a shows the phase transformation near the centre of the first clad
track. The solid state transformation begins when the clad layer is cooled
down from Acm (point 1 in Figure 5.7a) to a temperature below Ms. The
caculated cooling rate was approximately 5800 oC/s. The cooling cycle, be-
tween point 1 and the lowest temperature reached, is known as the quench
phase, where austenite to martensite transformation is expected. As a result of
the subsequent overlapping clad track (2nd clad track), re-heating occurs and
peaks at 764 oC (point 2), which is above Ac1 temperature, causing partial re-
austenitization. A second quench phase is activated - cools down from 764 oC
to a temperature below Ms. A third re-heating process is activated, although
below Ac1 temperature, and peaks at 310 oC (point 3) - this heating cycle is
known as the tempering phase. Note, the tempering phase is only activated if
the lowest temperature reached during the quench phase falls below Ms. The
remaining subsequent tracks has very little effect on the phase transformation
at that location.
Figure 5.7b shows the phase transformation located on the fourth clad track,
close to the edge of the overlap. The cooling transformation begins when the
quench phase is activated - cooled down from Acm (point 4) to a temperature
below Ms. The next overlapping track causes a re-heat and peaks at a tempera-
ture above Acm (point 5), causing a portion of the clad layer to re-melt. Again,
a second quench phase is activated. The next re-heat activates the tempering
phase, causing tempering at a peak temperature of 550 oC (point 6).
The final and 6th clad track, Figure 5.7c, shows that the cooling transfor-
mation begins when the clad layer is cooled down from Acm (point 7) to room
temperature. The 6th clad track does not undergo any form of tempering phase,
as no further clad tracks are deposited. As-quenched martensite is expected to
be formed on the final clad track.
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The phase transformation of the substrate, at three critical locations, in AISI
4340 steel is shown in Figure 5.8. The HAZ is defined as the region where the
substrate is heated above Ac1. A boundary of the HAZ exists when the peak
temperature reached is exactly Ac1. In the upper boundary of the HAZ, lo-
cated adjacent to the clad interface, undergoes a very complex transformation,
where three separate austenite transformation occur (points 8, 9, and 10 in Fig-
ure 5.8a). The initial transformation begins at point 8, as a result of the heating
from the previous clad track, and undergoes partial austenitization with a peak
temperature of 790 oC, then cools down to a temperature below Ms. At point
9, the thermal probe is directly below the laser beam, where the probe heats to
1486 oC, causing the reformation of austenite, then cools down to a tempera-
ture below Ms. The following re-heating cycle causes partial re-austenitization
for the third time with a peak temperature of 807 oC. Finally, the re-heat at
point 11 causes a tempering phase.
Near the lower boundary of the HAZ (Figure 5.8b), partial austenitization
occurs up to temperatures between Ac1 and Ac3 (point 12), then cools down to
a temperature below Ms. On the overlap, the re-heat activates the tempering
phase (point 13).
After a certain distance, there exists a point where the peak temperature is
not high enough to reach Ac1, thus no austenite transformation is generated
from the original microstructure of the substrate (Figure 5.8c). However, the
substrate undergoes a tempering effect on the original microstructure, and de-
pending on the vertical location, the substrate is heated between the tempering
range of steel (100 - 700 oC). This region is also known as the over-tempered
zone in welding applications.
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(a) HAZ 0.1 mm below the clad interface
(b) HAZ 0.6 mm below the clad interface
(c) Substrate 0.9 mm below the clad interface
Figure 5.8: Calculated heating and cooling rates of the AISI 4340 steel multi-track clad
at tdifferent vertical locations superimposed onto a CCT diagram. Process-
ing parameters: Power = 1250 W, traverse speed = 1000 mm/min, powder
flow rate = 12.5 g/min, beam diameter = 2.5 mm
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5.5 microstructure
Figure 5.9 shows the vertical microstructure evolution of the cladding of AISI
4340 powder on AISI 4340 substrate. Figure 5.9a reveals that the AISI 4340
clad layer consists mainly of columnar austenite grains (white etched regions)
where the growth is in the direction of solidification. The formation of clad
microstructure is a typical columnar prior austenite grain structure due to sold
state transformation, and is well documented in welding applications [48]. The
columnar grains grow in the direction opposite to the heat flow, in this case,
the columnar zone elongates from the substrate to the surface of the clad layer.
Therefore, the formation of cellular and equiaxed grains are expected near the
top of the clad layer. The appearance of the darker etched zones show an acicu-
lar structure, which is generally expected to be tempered martensite, predicted
by the phase transformation (Figure 5.7).
Figure 5.9b shows the clad interface region, where a change in microstruc-
ture from solidification structure to a HAZ of AISI 4340 occurs. The columnar
zone in the clad layer discontinues at the interface. The clad interface region
shows a good consistent metallurgical bond.
Figure 5.9c shows the HAZ adjacent to the clad interface, approximately 0.1
mm below the clad interface, where the microstructure primarily consists of
lath martensite with significant coarsening. The light coloured areas are RA.
The coarsening was due to the high austenitizing temperature in the upper
boundary HAZ (see Figure 5.8a). At these high temperatures, micro-alloy pre-
cipitates to dissolve, and unpinning of austenite grain boundaries occurs with
substantial growth of prior austenite grains [114, 120].
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(a) Clad (b) Clad interface
(c) Upper boundary of HAZ (d) Lower boundary of HAZ
(e) HAZ interface (f) Substrate
Figure 5.9: Micrographs of the AISI 4340 steel clad layer. Processing parameters: Power
= 1250 W, traverse speed = 1000 mm/min, powder flow rate = 12.5 g/min,
beam diameter = 2.5 mm
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Figure 5.9d reveals the HAZ at a distance of 0.6 mm below the clad interface
with a very fine acicular martensite structure and RA. Further away from the
clad interface, as the peak temperature decreases, the austenite grain bound-
aries pinned forming fine-grained prior austenite which subsequently trans-
forms to martensite. Usually, desirable grain sizes of 20-40µm are achieved in
the fine-grained HAZ region, similar to the heating ranges of controlled heat
treatments, such as annealing and hardening [48].
Figure 5.9e shows the HAZ interface. The white etched part represents the
austenitizing region, while the darker etched region represents the substrate.
The HAZ interface is a good indication where the heating temperature drops
below the Ac1. The microstructure appears coarser than the original substrate.
When the peak temperature decreases below Ac1, tempering effect occurs,
where the heating range is similar to sub-critical annealing process. The un-
affected AISI 4340 substrate consists of fine tempered lath martensite (Fig-
ure 5.9f), which is consistent with the literature [54, 114] for oil quenched and
tempered at 160-220 oC AISI 4340 steel.
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5.6 microhardness
The cladding of AISI 4340 multi-track has a major effect on its hardness profile,
both the horizontal and vertical profile (Figure 5.10).
(a) Horizontal profile
(b) Vertical profile
Figure 5.10: Microhardness of the AISI 4340 steel clad layer on AISI 4340 substrate.
Processing parameters: Power = 1250 W, traverse speed = 1000 mm/min,
powder flow rate = 12.5 g/min, beam diameter = 2.5 mm
The horizontal profile shows the hardness peaks at 550 Hv and linear de-
creases to 400 Hv over a distance of 2 mm, then the hardness variation repeats
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until the final two clad tracks (Figure 5.10a). It is evident that the hardness is
dictated by the quench and tempering phase of the martensite formed during
the cladding process - associated with the constant re-heating, as shown in Fig-
ure 5.7. The tempering effect is shown on a macro level, where the 2% Nital
etchant showed inconsistency of colour across the samples (Figure 4.12). Due
to localised heating of the cladding process, and as a result of the substrate heat
sink, there will always exists a distribution of tempering temperatures across
the previous clad track, and consequently results in a linear hardness variation.
The hardness of the final few clad tracks (5th and 6th) is consistently 650 Hv,
which represents the as-quenched martensite region, and is also observed in
the cladding of AISI 4140 [102] and AISI 4340 in direct metal deposition appli-
cation [45]. The tempering phase is supressed on the final few clad tracks since
there are no more overlapping clad tracks.
The vertical profile shows the hardness variation measured near the centre
of the multi-track clad and through the composite region, as shown in Fig-
ure 5.10b. Within the clad layer (region A-B), the hardness was consistently
440 Hv, as described in the previous paragraph, a result of tempered marten-
site. It is also evident from Figure 5.10 that the hardness in the clad layer is
dependent on the horizontal location, and not the vertical location.
Within the HAZ (region B-C), shows the hardness sharply increased from
400 Hv to 680 Hv over a distance of 0.8 mm. The increased hardness is due
to the rapid self-quenching from austenite to martensite caused by the heat
conduction into the substrate material [60, 62, 61]. In this research, the HAZ is
defined as the region where the substrate has been heated above Ac1 tempera-
ture and austenite to martensite transformation occurred.
At the point C, the interface between the HAZ and the substrate, the hard-
ness decreases sharply from 720 Hv to 380 Hv, which was a result of heating
temperature not reaching the critical Ac1 temperature, meaning no austeni-
tising had occurred. The part of the substrate (region C-D), is known as the
over-tempered zone in welding applications. Overall, this region was soft and
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its hardness relatively low compared to the original substrate. The cause of the
softening is due to tempering, where the carbon atoms diffuse from martensite
in the original microstructure of the substrate, to form a carbide precipitate
resulting in the formation of ferrite and coarsened cementite [48]. Note: the
original microstructure of the substrate was only tempered to 220 oC.
The measured hardness was also in good agreement with the thermokinetic
model, which shows that the phase transformation in laser cladding of ultra-
high strength steel is dictated by a local quench and tempered heat treatment
process. The variation of hardness is also consistent with the tempering tem-
perature of AISI 4340. However, the measured hardness through the HAZ was
approximately 20-30 % higher, as compared to the calculated values. Since the
FE model does not consider the initial microstructure, the discrepancy in this
region is due to the effect of prior austenite grain boundary and carbon diffu-
sion on the hardness of martensite [48].
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5.7 effect of processing parameters
The effect of changing the heat input on the the calculated heating and cooling
rates, and measured horizontal hardness are shown in Figure 5.11a. The heat
input is calculated by laser power divided by the laser traverse speed.
(a) Calculated heating and cooling rates on the CCT of AISI 4340
steel
(b) Measured horizontal microhardness
Figure 5.11: Effect of heat input at a constant track length of 40 mm and substrate
thickness of 10 mm
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There are a few discrepancies in the heat and cooling rates at different heat
inputs, (1) the lowest temperature reached during quenching increases with
increasing heat input, and (2) the tempering temperature on the overlap in-
creases with increasing heat input. As a result, the hardness varies accordingly
(Figure 5.11b) since the hardness is dictated by the fraction of un-tempered and
tempered martensite.
Figure 5.12 shows that the substrate thickness is highly influential on the
heating and cooling rates. At a small substrate thickness (5 mm), the substrate
temperature will heat up rapidly due to a low thermal mass. As a result, the
undercooling during the quench phases does not reach Mf-95%. At a larger
substrate thickness (30 mm), the substrate will absorb the heat and will stay
relatively cool during the process. As a result, the undercooling during the
quench phases will reach Mf-95%. The tempering temperature will vary signifi-
cantly with decreasing substrate thickness.
Figure 5.12: The effect of substrate thickness on the heating and cooling rates at a
constant track length of 40 mm and heat input of 60 J/mm
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5.8 discussion
5.8.1 Microstructure evolution in the clad layer
Quench and tempered AISI 4340 grade steel achieves high strength through a
quenching (rapid cooling) process where the phase transformation of austen-
ite to martensite occurs. At rapid cooling rates, the transformation of austenite
to a more stable phase, known as ferrite, is supressed and displasive process
occurs, causing martensite to form from the austenite lattice, which is one of
the hardest and most brittle phase of steel. The brittleness is due to the large
amount of lattice strains from the super-saturation of carbon atoms [114]. De-
pending on the carbon content, lath martensite structure (carbon < 0.6 wt%)
or plate martensite structure (carbon > 0.6 wt%) will form, as well as mix-
tures of the two. Lath martensite is often associated with high toughness but
low strength, while plate martensite is high strength but very brittle. The as-
quenched martensite is usually re-heated between 100-700 oC, to retain the
ductility and toughness, at the expense of a slight loss in strength [48]. Tem-
pered martensite is a formation of cementite (Fe3C) and ferrite (α-Fe), between
250 oC and Ac1; and transition carbide (ε-Fe) and α-Fe, between T0 and 250 oC.
The CCT diagram was derived from the heat treatment conditions of AISI
4340 steel. The thermal cycles experienced in laser cladding are similar to weld-
ing processes. CCT diagrams determined under welding conditions differ to
those used for heat treatment [121]. However, there are no recognised CCT
diagrams in the available literature for AISI 4340 steel derived from welding
processes.
For all regions in the clad layer (Figure 5.7) , the heating and cooling curves
clearly show a quench phase, where austenite to martensite transformation
occurs during the undercooling (cooled from Ms to the lowest temperature
reached) - at approximately 5800 oC/s. The additional complexity of microstruc-
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ture formation in multi-track cladding is demonstrated in the heating and
cooling rates with several uncontrollable thermal phases caused by the subse-
quent overlapping tracks, which includes: (1) re-austenitization & re-quenching
phase, (2) subsequent re-heating and (3) tempering phase.
The re-austenitization & re-quenching phases occur in the clad layer and
upper boundary of the HAZ where the heating temperature caused by the
overlapping track is too high and the temperature exceeds Ac1. The re-quench
will affect the final microstructure since the thermal history of the re-quench is
slightly different to the initial quench.
Each subsequent overlapping clad track causes a progressive rise of the sub-
strate temperature. The average substrate temperature increases with increas-
ing overlapping clad tracks, usually at a linear rate [104]. This is evident in the
heating and cooling rates, where the lowest temperature reached during the
undercooling of the 1st track is 110 oC, while on the 4th track the undercool-
ing is 198 oC. The influence of the progressive rise in temperature affects the
undercooling, where a difference in percentage of martensite and RA will be
observed.
For tempering phase to occur, the heating temperature range of the re-heat
must be between 100 oC-Ac1 and the previous track must cool down below
the martensite start (Ms) temperature before the re-heating of the overlapping
track.
The three features during multi-track cladding described above are unavoid-
able and can lead to very complex microstructure formation, also observed in
multi-run welding [48], laser surface hardening [60], and other laser cladding
applications [45]. Bhattacharya et al. [45] showed a direct metal deposition clad
layer consisting of martensite, α-Fe, and Fe3C. The martensite structure was a
lath and plate type martensite structure with a body centered tetragonal (BCT)
crystal structure. The hardness decreased, as a result of the tempering effect,
from the top of the clad layer (650 Hv on the 7th layer) to the bottom (490 Hv
at the clad interface). In this study, the linear variation of hardness across the
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clad layer (Figure 5.10a) demonstrates that the tempering phase dictates the
final clad hardness.
Due to the re-heating, the undercooling (Ms to lowest temperature reached)
of the as-quenched martensite does not reach Mf-95%, so a significant amount
of RA is expected, which can be a serious problem. RA is often observed on
the prior austenite grain boundaries in cast structures and wherever martensite
phase is present [45]. In this study, the micrographs clearly show traces of RA
in the clad layer and HAZ microstructures.
5.8.2 Microstructure evolution in the HAZ
The solid-state transformations in the HAZ are highly non-equilibrium since,
similar to the clad layer, the heating time at the peak temperature is in the
in the sub-millisecond scale and the cooling rates are very rapid. It is reason-
able to assume that the HAZ of a laser cladding application is similar to laser
hardening [62, 61]. The observed microstructure in AISI 4340 steel laser hard-
ening application showed that the martensite structure in the hardening zone
was similar to lath/plate/auto-tempered martensite formed in conventional oil
quench heat treatment process [54]. In this study, lath martensite is observed,
which is expected since the carbon content is less than 0.6 wt%.
The prior austenite grain boundary formation in the HAZ has been well doc-
umented in welding applications. There are four main regions in the HAZ [48],
as shown in Figure 5.13. Course-grained austenite (Acm > T > 1200oC) - High
peak temperatures above Ac3 causes coarsening of the austenite grains [56]
and increases with increasing peak temperature. The prior austenite grains are
pinned by micro-alloy precipitates such as vanadium. However, at high tem-
peratures, the micro-alloy precipitates are dissolved, and the pinning is broken
causing substantial growth of prior austenite grains [120]. The coarsening is
also evident in this study, as shown in Figure 5.9c, where substantial growth
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of the martensitic laths is observed. The maximum size of the martensitic laths
is usually determined by the prior austenite grain size [48]. It has been shown
in laser hardening applications that the martensite laths decrease with increas-
ing distance below the surface [62]. The coarsening is unfavourable due to the
susceptibility of brittle fracture, cold cracks and hydrogen embrittlement [57].
The hardness in the HAZ was also directly affected by the grain growth
that showed a linear increase from 400 Hv to 680 Hv. According to the Hall-
Petch relationship [122, 123], the hardness is inversely proportional to the prior
austenite grain size. Ajus et al. [124] showed that the hardness of AISI 4340 steel
decreased with both increasing austenitising temperature and also tempering
temperature. A similar microhardness trend in the heat affected region was
observed in laser melting of AISI 4340 steel [61].
Figure 5.13: Schematic diagram showing the various zones that can form in an iron
carbon steel HAZ as a result of a welding process [48]
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5.8.3 Effect of processing parameters
The results show that the phase transformation in the clad layer and HAZ
is highly dependent on the processing parameters. The CCT diagram demon-
strates that the undercooling of the as-quenched martensite and tempering
phase on the overlap heat is influenced by the processing parameters. The
three main parameters are: (1) heat input, (2) substrate thickness and (3) num-
ber of overlapping clad tracks.
The heat input will influence the melt pool temperature and dissipation of
heat. It is critical to restrict the heat input to a minimum value - often restricted
and highly dependent on the clad characteristics. The dilution is usually an in-
dication of the minimum heat input required.
Increasing the substrate thickness, results in a more rapid cooling rate, as
compared to a substrate with a smaller thickness. The lowest temperature
reached during cooling also decreases with increasing substrate thickness un-
til it reaches a certain thickness where the thermal history is unaffected by a
change in substrate thickness. According to Costa et al. [104], it is important
that the substrate retains its heat extraction capability - substrate material’s
ability to stay relatively cool during the process. Otherwise the microstructure
will be affected due to the excess heat causing different thermal history. This is
evident in Figure 5.12, where the thermal history is significantly altered when
the substrate thickness is decreased. When designing test specimens for repair
application, to avoid discrepancy in the results, the substrate thickness is re-
quired to be close to the actual component of the application.
The number of overlapping clad tracks plays an important role on the ther-
mal history. Each additional clad track will increase the substrate temperature
- again, similar to the effect of substrate thickness, this is an issue of substrate
retaining its heat extraction capability and a consistent microstructure. Increas-
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ing the idle time in between clad tracks or clad in stages is a possibility to
allow the substrate to stay relatively cool throughout the process. In other re-
search, changing the deposition path can alter the thermal history, hence affect
the final microstructure and hardness [102]. The deposition path affects the
quench time during undercooling and temperature of the tempering phase.
Optimising the deposition path, such as a spiral path, instead of the typically
used repeated horizontal path, can suppress the overheating of the substrate
- attributed to the increase in idle time and allowing sufficient time to cool in
between clad tracks.
5.8.4 Influence of microstructure on fatigue behaviour
In general, the microstructure evolution of martensitic ultra-high strength steels
is directly related to its mechanical properties and fatigue behaviour. Since the
metallurgy of steel has been well documented, the results of the thermal his-
tory and microstructure can be used to understand the general mechanism of
failures.
There is strong evidence in this chapter that the thermal cycles in regions
of the clad layer and HAZ undergo very high temperature (> 1200 oC) heat
treatment, followed by quench and temper. The characteristic of this heat treat-
ment usually causes intergranular (IG) fracture along the prior austenite grain
boundaries, known as IG embrittlement. This phenomenon is often observed in
cast steels. When very high austenizing temperatures are used, the segregation
of manganese sulphide (MnS), formed during rapid cooling, can promote IG
embrittlement [48]. The presence of MnS in austenite grain boundaries is char-
acterised by dimple fracture, where possibly MnS particles are present within
the dimples.
5.8 discussion 131
It is important for martensite to fully transform, i.e. allow austenite to cool
down to Mf-95%. Consequently, too much RA will form if martensite transfor-
mation is not complete. Although, there is strong evidence that increasing RA
from austenite to martensite transformation leads to an increase in toughness
and reduces the susceptibility to brittle fracture in cast steels [125].
The formation of columnar austenite grain boundaries in the clad layer and
coarsened prior austenite grains in the HAZ can be susceptible to IG failure. In
general, austenite grains of equal axial length has higher strength and ductility,
as compared to columnar grains, since there are more planes on which to slip.
The coarsening of the microstructure will affect the fatigue crack propagation
threshold [126, 127]. The yield strength of martensite also depends on the prior
austenite grain size [48]. Coarsened prior austenite grains will result in a de-
creased yield strength in martensite laths [122, 123].
AISI 4340 steel is a very fracture sensitive material. Any local stress con-
centration or non-uniformity in the microstructure will result in a premature
crack initiation and reduce the fatigue life. Therefore it is crucial to obtain a
defect free surface and a uniform microstructure. To achieve the best possi-
ble microstructure and mechanical properties in the clad layer and HAZ, the
thermal history must be optimised through the process. Ideally, in terms of fa-
tigue properties, tempered martensite would be the best result for strength and
ductility. Results have shown that controlling the quench and tempering tem-
perature during the process is complex. Heat input, substrate thickness, and
deposition path, provide some control over the phase transformation. However,
achieving a desired and uniform microstructure is a challenge and may require
pre and post heat treatment to accurately tailor the microstructure.
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5.9 summary
This chapter demonstrated the microstructure formation when laser cladding
AISI 4340 steel powder on AISI 4340 steel substrate. The thermal FE model
and thermokinetic model can be used to predict the thermal history, phase
transformation, and hardness of the clad layer and HAZ. The results of the
microstructure and thermal FE model analysis indicate that:
• The clad layer primarily consists of columnar austenitic dendrites and
martensitic structure, while the HAZ contained coarse prior austenite
grain boundary and martensitic lath martensite structure.
• A significant variation of hardness is observed in the clad layer, as a
result of the tempering effect. The final hardness is dictated by the heating
temperature of the overlapping clad track.
• Heat input and substrate thickness has a major influence on the phase
transformation and final hardness.
The effects of laser cladded AISI 4340microstructure and hardness evolution
on the mechanical properties and fatigue behaviour are discussed in Chapter 6.
6
FAT I G U E B E H AV I O U R O F L A S E R C L A D D I N G R E PA I R O F
A I S I 4 3 4 0 S U B S T R AT E
6.1 introduction
This chapter investigates the fatigue behaviour of laser cladding using AISI
4 3 4 0 steel substrate. Two different alloy powders are used (AISI 4 3 4 0 and
AerMet R© 100) and a post-clad heat treatment (PCHT) process is investigated.
The four variables are schematically illustrated in Figure 6.1. Optical microstruc-
ture, microhardness, tensile properties, fatigue S-N curve, fracture behaviour,
and residual stress profile are analysed and reported. This study provides es-
sential results on the overall potential of laser cladding as a repair solution for
aircraft landing gear.
(a) AISI 4340 as-clad (b) AerMet R© 100 as-clad
(c) AISI 4340 as-clad + PCHT (d) AerMet R© 100 as-clad + PCHT
Figure 6.1: Schematic representation of the cross-section view of the fatigue dog-bone
specimens and showing the four variables used in the current study
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6.2 clad microstructure
The microstructure evolution of AISI 4340 clad and HAZ is also detailed in
Chapter 5. Figure 6.2a and Figure 6.2b show that both the AISI 4340 and
AerMet R© 100 clad layer consists of fine columnar and cellular grains where the
growth is in the direction of solidification. Figure 6.2c and Figure 6.2d show
the microstructure of AISI 4340 and AerMet R© 100 R© clad layer after PCHT (850
oC + oil quench and 220 oC temper). The microstructure in AISI 4340 as-clad
after PCHT was uniform across the specimen and consisted of fine tempered
lath martensite (Figure 6.2c). The microstructure in AerMet R©100 as-clad after
PCHT consisted of a coarsened columnar and cellular grain structure in the
clad region (Figure 6.2d).
(a) AISI 4340 as-clad (b) AerMet R©100 as-clad
(c) AISI 4340 as-clad + PCHT (d) AerMet R©100 as-clad + PCHT
Figure 6.2: Micrographs of the clad layers
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6.3 microhardness
Figure 6.3 shows the comparison of vertical microhardness profile of a cross-
sectioned sample for all variables tested.
(a) As-clad condition
(b) PCHT condition
Figure 6.3: Vertical microhardness profile, measured relative to the clad interface
In Figure 6.3a, for the AISI 4340 as-clad, in the clad layer (region A-B), shows
that the hardness of the clad layer was approximately 650 Hv, which was 30-
40% higher than the substrate material (580 Hv). The high hardness in the clad
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layer is attributed to the hard and brittle properties of martensite formed at
rapid cooling rates. It is reasonable to assume that the tempering phase during
the cladding process is supressed due to overheating of the substrate. Within
the HAZ (region B-C), shows the hardness increased sharply from 600 Hv to
720 Hv over a distance of 1.5 mm. The increased hardness is due to a rapid
self-quenching from austenite to martensite caused by conduction into the sub-
strate material, detailed in Chapter 5. Within the over-tempered zone (region
C-D), the hardness was increased from 360 Hv at the point C to 500-525 Hv
at the point D, bottom of the substrate material, but slightly lower than the
substrate hardness of 580 Hv. The result suggests that the substrate material
was overheated causing an overextended tempering zone. The overheating can
be avoided by increasing the substrate thickness and further reducing the heat
input.
Figure 6.3a also shows that the clad hardness profile of the AerMet R©100 as-
clad was approximately between 560-580 Hv, which was 20% softer than the
AISI 4340 as-clad. The difference in hardness of the two clads is attributed to
the variation of composition, especially the reduced carbon content. The hard-
ness of the AerMet R©100 clad was also similar, in comparison with the hardness
of the substrate.
Figure 6.3b shows the hardness of AISI 4340 as-clad + PCHT, where the
hardness was consistent across the clad layer, HAZ, and over tempered zone,
at approximately 630 Hv, except for the clad layer, where the average hardness
was approximately 580 Hv. The reason is mainly, due to a controlled heat treat-
ment applied across the material. The average hardness was also 10% higher
than the original substrate. Figure 6.3b also shows that the hardness profile
of AerMet R©100 as-clad + PCHT was consistently 630 Hv across the HAZ and
over tempered zone. The average hardness of the AerMet R©100 clad layer after
PCHT was 550Hv. The microstructure after PCHT is expected to be a quenched
and tempered martensite structure.
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Figure 6.4 shows the EDAX R© composition analysis for the two clads and sub-
strate.
(a) As-clad condition
(b) PCHT condition
Figure 6.4: EDAX R© composition analysis
Figure 6.4a shows the alloying elements of chromium and nickel were 0.35%
and 1.0% higher respectively, in the AISI 4340 clad, compared to the measured
composition of AISI 4340 substrate and the composition provided by the sup-
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plier (Table 3.1). A similar result was observed in Direct Metal Deposition ap-
plication of AISI 4340 steel [45]. The composition of the clad layer is expected
to be different since a percentage of iron, alloying elements, and possibly car-
bon, will evaporate due to extremely high heating temperatures during the
cladding process. Figure 6.4b shows the composition analysis of AerMet R©100
clad with a slightly higher nickel and cobalt, as compared to the composition
provided by the supplier (Table 3.1).
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6.5 residual stresses
The residual stress as a function of depth was measured, as shown in Fig-
ure 6.5. Since the substrate is rectangular and bi-axial in the prepared samples,
the stresses in the two in-plane directions are similar and therefore only one
principle stress result is shown.
(a) As-clad condition
(b) PCHT condition
Figure 6.5: Longitudinal residual stress profile, measured relative to the clad interface
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Figure 6.5a shows, that for both the AISI 4340 and AerMet R©100 as-clads, the
residual stress variations were similar. A compressive residual stress between
200 to 400 MPa is produced in the clad layer and a sharp translation into ten-
sion residual stress occurs at the interface between the clad layer and the HAZ.
The compressive residual stress produced in the clad layer is caused by dis-
placive phase transformation of austenite to martensite [71, 64]. A maximum
tensile residual stress of 630 MPa (40% of the yield strength) is observed in the
HAZ at approximately 0.5-1.0 mm below the clad interface. The residual stress
decreases linearly with increasing distance for the remainder of the substrate,
as would be expected as the material is further from the expanded clad ma-
terial causing the stress. The tensile residual stress is a result of the thermal
gradient created by the laser during laser cladding where during cooling the
colder material constrains the hotter material thus generating a tensile residual
stress [64]. It should be recognised that a compressive stress due to the austen-
ite martensite transformation would have reduced the magnitude of the tensile
residual stress formed due to the previous mechanism [74]. It is a general ob-
servation that the maximum tensile residual stress, caused by laser cladding in
steel, is in the HAZ adjacent to the clad interface [64, 69].
Figure 6.5b shows the importance and effectiveness of PCHT to minimise the
residual stresses. A number of other studies have shown post heat treatment to
be an efficient method to reducing the residual stresses [63, 72]. The minimised
and remaining residual stresses after PCHT are due to re-austenitising of the
material and subsequent slow cooling.
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Figure 6.6 shows the comparison of the tensile behaviour with the tensile prop-
erties summarised in Table 6.1. The tensile properties of the substrate mate-
rial are in agreement with a typical quench and 220 oC tempered AISI 4340
steel [54]. The substrate with 0.7 mm grind-out represents a notched specimen
where the cross-section area used was of the original substrate rather than the
reduced area. Therefore, the tensile properties were reduced by 10-30%.
(a) As-clad condition
(b) PCHT condition
Figure 6.6: Stress strain curve of the axial tensile test. The end points represent the
point of fracture
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Table 6.1: Comparison of the tensile properties
0.2% yield UTS Elongation
(MPa) (MPa) (%)
Substrate 1551 ± 10 1914 ± 7 16 ± 0.9
Substrate w/ grind-out 1442 ± 60 1770 ± 25 11.1 ± 1.9
AISI 4340 as-clad 1167 ± 150 1167 ± 150 0.6 ± 0.1
AerMet R©100 as-clad 1472 ± 20 1616 ± 80 3.0 ± 0.6
AISI 4340 as-clad + PCHT 1287 ± 13 2063 ± 9 5.6 ± 0.1
AerMet R©100 as-clad + PCHT 1299 ± 8 2110 ± 21 7.2 ± 0.5
Figure 6.6a shows, that for both the yield and the ultimate tensile strength
(UTS) of the AISI 4340 as-clad were degraded by 40% compared to the 0.7 mm
grind-out specimen (refer to Table 6.1). The failure of the AISI 4340 as-clad was
very brittle resulting in very little plastic deformation and the ductility (elon-
gation) was reduced significantly by a factor of 20 compared to the 0.7 mm
grind-out specimen. The brittleness is due to the very high hardness from the
predominance of untempered martensite in the clad layer and HAZ, which ex-
hibits low ductility and toughness. The failure was also pre-mature, attributed
to the inhomogeneity of the material creating many local stress concentrators.
The AerMet R©100 as-clad shows that by changing the composition of the clad
layer, to a lower carbon and a higher nickel and cobalt content, can improve
the tensile properties relative to those of the AISI 4340 as-clad. Similarly, the
PCHT demonstrates that the tensile properties can be further improved relative
to those of the as-clad, as shown in Figure 6.6b.
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6.7 fatigue life
Figure 6.7 shows the comparison of the fatigue life curves. See Section B.1 for
further details on the fatigue test data. Again, the substrate with 0.7 mm grind-
out was treated as a notched specimen, and as expected, failed at a fatigue life
below the substrate condition.
(a) As-clad condition
(b) PCHT condition
Figure 6.7: Constant amplitude axial S-N fatigue curve using R=0.1 and frequency of
10Hz
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Figure 6.7a shows, that for all stress levels tested, the fatigue life of the AISI
4340 as-clad was poor, especially at high cyclic loads (1200 MPa) where the
fatigue life was reduced significantly to 221 cycles, compared to the grind-out
substrate of 8, 461 cycles. Similarly, at low cyclic loads (600 MPa), the fatigue
life was also reduced significantly to 16, 222 cycles, compared to the grind-out
substrate of 87, 386 cycles.
Figure 6.7a also shows, that for all stress levels, the fatigue life of AerMet R©100
as-clad improved by a factor of 10 compared to the AISI 4340 as-clad. However,
at high stress loads (1200 MPa), the fatigue life of AerMet R©100 as-clad (2, 605)
was still reduced, compared to the grind-out substrate of 8, 461 cycles. However,
at 800MPa cyclic load, the fatigue life was similar to the substrate grind-out.
Figure 6.7b shows, that for all stress levels, AerMet R©100 as-clad + PCHT
(12, 851 cycles at 1200 MPa cyclic loads) can improve the fatigue life relative to
the substrate grind-out (8, 461 cycles). However, the AISI 4340 as-clad + PCHT
fatigue life (4, 577 cycles at 1, 200MPa cyclic loads) was still below the substrate
grind-out (8, 461 cycles), primarily due to pre-mature crack development from
porosity. The results indicated that the PCHT can significantly increase fatigue
lives of the as-clad materials.
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Figure 6.8a shows the appearance of the fracture surface of AISI 4340 as-clad.
(a) Fracture surface appearance (b) crack initiation site
(c) Fracture modes in clad (d) Fracture modes in the HAZ
(e) Fracture modes in the chevron
marking region of the HAZ
(f) Fracture modes in the over-
tempered zone
Figure 6.8: SEM images of AISI 4340 as-clad fatigue specimen failed at 221 cycles at
1200 MPa maximum cyclic load
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The fracture occurred at the top surface of the specimen (clad region), and
propagated rapidly in the clad layer, then HAZ, as shown in Figure 6.8b. The
crack propagation arrested at the clad layer and HAZ interfaces due to grain
discontinuity and possibly different fracture toughness of each region. Large
porosity with a diameter of 100-200 µm was also observed, although the frac-
ture still initiated from the surface of the clad layer. Figure 6.8c shows the
clad layer exhibited mixed modes of fracture, mainly quasi cleavage and inter-
granular (IG) along the prior austenite columnar grain boundary with regions
of tearing topology surface (TTS) and tear ridges (TR). The IG fracture along
the prior austenite grain boundaries is caused by IG embrittlement, possibly
through segregation of manganese sulphide (MnS) at the prior austenite grain
boundary [48, 128]. IG fracture is generally encountered in low alloy cast steels
[48]. TTS is a result of micro-plastic tearing and often associated with overload
and high cyclic fatigue stresses [129]. Quasi cleavage is a result of tear ridges
formed by micro-void coalescence (MVC) accompanied by cleavage (C) facets
[128]. No fatigue striations were observed and any form of fatigue fracture
may have occurred by TTS. Figure 6.8d shows the fracture mode in the thumb-
nail crack region in the HAZ with a distinct transition from IG (Figure 6.8d)
to quasi-cleavage (Figure 6.8e). Chevron markings were clearly visible in the
HAZ (left to right in Figure 6.8b) and generally indicate brittle fracture zones
and rapid crack propagation, which would be expected of a material with the
very high hardness (>700 Hv) and a peak tensile residual stresses of 600 MPa
in the HAZ. Figure 6.8f shows that the fracture mode in the over tempered
zone consists of MVC with transgranular cracks.
Figure 6.9a shows the appearance of fatigue fracture surface of the AerMet R©100 R©
as-clad specimen. The fatigue crack initiation occurred at the top surface of the
specimen, as shown in Figure 6.9b. The fracture mode near the crack initiation
site is TTS (Figure 6.9c). Other regions of the clad layer show MVC with local
regions of quasi cleavage (Figure 6.9d). Very little IG fracture is observed in
the clad layer, which is the main reason for an increased fatigue life compared
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to that of AISI 4340 as-clad. Since the same substrate material is used, the frac-
ture modes in the HAZ were similar to those of AISI 4340 as-clad (refer to
Figure 6.8d to Figure 6.8f), which shows IG and quasi cleavage.
(a) Fracture surface appearance (b) crack initiation site
(c) Fracture modes in clad (d) Fracture modes in the HAZ
Figure 6.9: SEM images of AerMet R©100 as-clad fatigue specimen failed at 2, 206 cycles
at 1200 MPa maximum cyclic load
Figure 6.10a shows the appearance of fatigue fracture surface of AISI 4340 as-
clad + PCHT. For all specimens, the crack initiated at the porosity, as shown in
Figure 6.10b, which was the main factor for the decreased fatigue life in these
specimens. The fracture mode was quasi cleavage (Figure 6.10c), which is ex-
pected for a AISI 4340 steel that has been quenched and tempered [54]. Further
away from the initiation site (Figure 6.10d), tear ridges were more prominent
in the fracture surface with local quasi cleavage, in which crack propagation
may have been more rapid in these regions.
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(a) Fracture surface appearance (b) crack initiation site
(c) Fracture modes in clad (d) Fracture modes in the HAZ
Figure 6.10: SEM images of AISI 4340 as-clad + PCHT fatigue specimen failed at 4, 316
cycles at 1200 MPa maximum cyclic load
Figure 6.11a shows the appearance of fatigue fracture surface of AerMet R©100
as-clad + PCHT. The fracture started at the top surface of the clad layer, as
shown in Figure 6.11b. The fracture mode in these specimens was mainly quasi
cleavage (Figure 6.11c) accompanied by deep secondary cracking. Similar to
the AISI 4340 as-clad + PCHT specimen, tear ridges are more prominent in the
regions away from the initiation site (Figure 6.11d).
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(a) Fracture surface appearance (b) crack initiation site
(c) Fracture modes in clad (d) Fracture modes in the HAZ
Figure 6.11: SEM images of AerMet R©100 as-clad + PCHT fatigue specimen failed at
12, 851 cycles at 1200 MPa maximum cyclic load
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6.9 discussion
6.9.1 Fatigue behaviour
The fatigue behaviour of laser clad material is complex as the formation of a
clad specimen produces a ’composite’ with four individual regions (clad, in-
terface, HAZ, and over tempered zone), compared to a heat treated uniform
microstructure of the substrate. From a repair certification perspective and ho-
mogeneity of the clad specimen, it is ideal to use the same clad material as the
substrate. Although the composition of the AISI 4340 clad is relatively similar
to the substrate, with a slight increase in chromium and nickel content (Fig-
ure 6.4a), each region has distinct and unique microstructure and mechanical
properties due to variations in heating and rapid cooling, resulting in complex
stresses.
The AISI 4340 as-clad condition, while the substrate successfully restored
the cross-sectional area from the grind-out repair, displayed reduced tensile
properties (Figure 6.6a) and fatigue life (Figure 6.7a), in comparison with the
substrate grind-out specimens. The major reasons for this degradation are (1)
high hardness and brittle properties in the clad layer and HAZ region, (2) high
tensile residual stresses in the HAZ and (3) grain non-uniformity such as the
columnar grains in the clad layer and coarsening of the prior austenite grain
boundary in the HAZ (Figure 6.2a and Figure 5.9c) - promoting intergranular
fracture. The combination of these three factors caused a significant reduction
in fatigue life. In a study by Imran et al. [79], the fracture initiated from the clad
interface for the cladding of H13 tool steel powder on copper alloy substrate.
The premature fracture was attributed to a weak clad interface.
In the current study, no delamination was observed for all conditions and the
failure initiated from the top surface of the clad layer, evident that the fusion
bond strength at the clad interface was high. A compressive residual stress
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is produced in the AISI 4340 clad layer (Figure 6.5a), and this was expected
to provide resistance to crack development. However, the fracture still initiated
from the surface of the AISI 4340 clad (Figure 6.8b), which is believed to be due
primarily to the poor mechanical properties (high hardness, low toughness,
and low capacity to work harden) of the clad layer.
6.9.2 Influence of microstructure
The high hardness and brittle properties in the clad layer and HAZ are due
to the formation of as-quenched martensite phase in these regions. AISI 4340
grade steel achieves strength through the phase transformation of austenite to
martensite, and retains toughness at the expense of strength through temper-
ing of the martensite [54]. In laser cladding of AISI 4340 steel, during cooling of
the deposited track, austenite to martensite transformation occurs in the clad
layer and HAZ due to the rapid cooling rates, which for laser cladding, are usu-
ally between 103-105 oC/s [15, 45]. At these cooling rates, the transformation
of ferrite from austenite is supressed and displasive process occurs, causing
martensite to form from the austenite lattice, which is one of the hardest and
most brittle phase of steel. Bhattacharya et al. [45] reported on the microstruc-
ture evolution in direct metal deposition application of high strength steel AISI
4340 steel powder. In their study, the AISI 4340 steel clad microstructure pri-
marily consists of tempered lath martensite. Tempering occurred due to the
re-heating caused by the subsequent overlapping tracks.
In the current study, it is reasonable to assume that the re-heating, caused by
the subsequent overlapping tracks, will lead to the tempering of the marten-
site, causing a variation of hardness across the clad layer. See Chapter 5 for
more details on the thermal history. However, the hardness remained uniform
in the AISI 4340 clad layer at approximately 650 Hv (Figure 6.3a), which is
similar to the hardness of as-quenched martensite of AISI 4340 after an oil
quench heat treatment [54]. For tempering to occur, the previous track must
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cool down below the martensite start (Ms) temperature before the re-heating
of the overlapping track. It seems likely that tempering on the overlapping
track was supressed as the austenite in the previous track was not cooled down
below Ms temperature to form martensite - attributed to the progressive rise
of the substrate temperature above the Ms temperature [104], which for AISI
4340 Ms = 298 oC. As a result, after a certain number of tracks deposited, the
lowest temperature reached during the cooling from austenite remained above
Ms. The clad layer and HAZ still remained austenitic during the re-heating of
the overlapping tracks, where austenite to martensite transformation occurred
only after the completion of the cladding when the bulk material was cooled
down, as shown in Figure 6.12. Thus, hard and brittle un-tempered martensite
remained in the clad layer and HAZ, which consequently led to the decreased
fatigue life and brittle failure modes of AISI 4340 as-clad.
Figure 6.12: CCT diagram from the thermal FE Model. The point of analysis is located
just below the clad interface at the 40th clad track. Note: 158 overlapping
tracks were used for the cladding of the AISI 4340 mechanical testing
plate.
The major cause of the substrate overheating is the high number of overlap-
ping clad tracks and small substrate thickness. In the previous chapter (Chap-
ter 5), the effects of substrate thickness and deposition length on the thermal
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history are studied. Increasing the substrate thickness and reducing the num-
ber of overlapping clad tracks would allow the substrate to retain its heat ex-
traction capacity [104] by supressing the substrate rise up in temperature. As a
result, the deposited track cools down below the Ms temperature before the re-
heating of the subsequent clad track, and promotes the tempering effect, which
is a preferred heat treatment for steel for increasing its ductility and toughness.
In addition, the size of the HAZ will be reduced.
6.9.3 Influence of AerMet R©100 powder
AerMet R©100 as-clad demonstrated a greatly increased fatigue life, as com-
pared to AISI 4340 as-clad. AerMet R©100, known as a secondary hardening
steel, achieves high strength and toughness through the precipitation of M2C
carbides in the lath martensite during age tempering at 482 oC [130]. As dis-
cussed previously, the tempering effect of the overlapping clad track was su-
pressed. Hence, little or no secondary hardening takes place in the AerMet R©100
clad. Even if the tempering phase did occur, the time spent at the aging tem-
perature is too short for precipitation of M2C carbides. The microstructure
of AerMet R©100 clad was similar to AISI 4340 (Figure 6.2a and Figure 6.2b).
Although, the high nickel content in AerMet R©100 would produce Fe-Ni lath
martensite and promote ductility. The reduced clad hardness (Figure 6.3a) was
due to the lower carbon content of AerMet R©100 (0.25 wt%), compared to AISI
4340 (0.4 wt%).
It seems reasonable that reduced carbon content and increased nickel con-
tent in the AerMet R©100 clad would improve the fatigue life by reducing the
brittleness and increasing toughness. This is evident in the fracture surface
of AerMet R©100 clad where the primary mode of fracture is TTS and quasi-
cleavage (Figure 6.9c and Figure 6.9d), compared to the dominant IG fracture
in the AISI 4340 clad (Figure 6.8c). However, similar to the AISI 4340 clad, even
with a compressive residual stress, the fracture still initiated from the surface
154 fatigue behaviour of laser cladding repair of aisi 4340 substrate
of the AerMet R©100 clad, indicating the hardness and properties of 550 Hv is
still too high and brittle.
In future, using softer grade steels for the clad material, such as HY 180
(carbon content of 0.10 wt%) and AF 1410 (carbon content of 0.15 wt%), may
provide further benefit on fatigue properties. Since the as-clad is a composite
like structure, as a consequence of the reduced strength in these softer grade
steels, the clad layer will yield first. However, softer grade steels have very high
elongation and a good capacity for work hardening, and with the assistance of
the compressive stress generated in the clad layer (Figure 6.5a), would lead to
a more uniform stress re-distribution into the HAZ and substrate.
Increasing the nickel and cobalt alloy of AerMet R©100 powder, by the method
of mixing alloy powders, is also a possibility to improve the fracture toughness
and promote ductile failure through the clad layer. The combination of nickel
and cobalt alloy promote ductility and increase resistance to fatigue cracking
[130]. Thus, using softer grade high strength steels as the clad layer and mixing
alloy powders needs to be investigated as a future work to further improve the
fatigue properties of ultra-high strength steels.
6.9.4 Influence of PCHT
The experimental results clearly demonstrate that PCHT significantly increases
the fatigue resistance to the crack development and propagation, showed by an
increase in tensile properties and fatigue life relative to those without post heat
treatment (Table 6.1 and Figure 6.7). It should be noted that even though the
compressive residual stress in the clad layer was removed from PCHT (Fig-
ure 6.5b), the fatigue life was still improved. This is believed to be due primar-
ily to the recovered mechanical properties (especially ductility and toughness)
from PCHT in the clad layer and HAZ region. For future work, it is important
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that the material properties in the substrate are not altered during PCHT.
It seems likely that use of a post repair heat treatment process, preferably
localised rather than bulk, to avoid dimensional distortion and further damage
to the substrate, would temper the clad layer and HAZ only, while also reduc-
ing the tensile residual stresses in the HAZ. The benefits of localised post heat
treatment - the substrate will be unaffected and it is unlikely an aeronautical
component will be post heat treated as a bulk material due to complications
with certification and dimensional distortion.
No information on localised post cladding heat treatment is available in the
open literature. Localised post repair heat treatment will involve local heating
from the laser beam onto the surface of the clad layer, and ideally, to achieve a
desired tempering temperature through the clad layer and HAZ region, prefer-
ably 482 oC for AerMet R©100. Controlled tempering at the appropriate temper-
ature will benefit the AerMet R©100 clad to allow secondary hardening effects of
precipitation of M2C carbides and improve toughness while retaining the high
strength.
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6.10 preliminary results of mixed alloy powders
The results in the previous section clearly demonstrate that the fatigue prop-
erties of laser cladding repair of AISI 4340 substrate are degraded, which is
attributed to the high hardness and brittle properties of the clad layer. Both the
AISI 4340 as-clad and AerMet R©100 as-clad failed due to brittle mechanism in
the clad layer. Mixing a softer grade alloy powder with AerMet R©100 is a possi-
ble method to reduce the hardness to eliminate the brittle failures and increase
the fatigue life.
A softer grade steel, 316 grade austenitic stainless steel (SS) powder was
mixed with AerMet R©100 powder to reduce the hardness of the clad layer. Fig-
ure 6.13 shows the results of the hardness testing using AerMet R©100 + 316 SS,
at 50 and 100wt% volume of 316 SS. For both the AerMet R©100with 50 and 100
wt% volume of 316 SS, the, clad layer (region A-B), shows that the hardness
of the clad layer was approximately 200-280Hv which was 60% softer than the
substrate material (580 Hv). The low hardness is attributed to the low carbon
content (0.08 wt% max) and a fully austenitic microstructure is expected.
Figure 6.13: Microhardness profile of the mixed powders
6.10 preliminary results of mixed alloy powders 157
Comparing the hardness of 50 and 100 wt% volume of 316 SS, no significant
difference was observed. The hardness of 50 wt% volume of 316ss was 250 Hv,
while 100 wt% volume of 316 SS was 210 Hv. Based on the very low hardness
in the clad layer, it is assumes that the austenite 316 SS was more dominant
in the microstructure since a high content of nickel and chromium would su-
press martensite transformation, and the microstructure is likely to be fully
austenitic at room temperature. The microstructure characterisation needs to
be investigated as a future work.
Figure 6.14 shows the fatigue life was still below the baseline. However, with
the 50% 316 SS + 50% AerMet R©100, the fatigue life improved, as compared to
the grind-out substrate condition.
Figure 6.14: Constant amplitude axial S-N fatigue curve of the mixed powders using
R=0.1 and frequency of 10Hz
316 SS is a typical austenitic steel with a very low yield (250MPa) and tensile
strength (500 MPa) [48]. These steels have very high elongation and a good ca-
pacity for work hardening, which was the primary reason to use these steels as
the clad layer. As discussed in the previous section, using ultra-high strength
steels with a lower carbon content, as the clad layer, may improve the fatigue
life, as demonstrated with AerMet R©100 as-clad. The lower carbon content re-
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duces the hardness of the clad layer. As a result, the fracture mechanism in
the clad layer change from brittle to ductile behaviour. Ductility plays a crucial
role because it allows the material to redistribute localised stresses [131]. The
use to 316 SS as the clad layer has further demonstrated that fatigue life can be
improved by manipulating the composition of the clad layer.
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6.11 summary
The following summarises the results that are drawn from this chapter:
• The tensile properties and fatigue life of the AISI 4340 as-clad are de-
graded significantly compared to the substrate material. The degraded
mechanical properties are associated with the very hard and brittle prop-
erties in the clad layer and HAZ region.
• Primary mode of fracture in the AISI 4340 steel clad was intergranular
along the columnar prior austenite grain boundaries.
• Changing the powder composition to lower carbon and higher Ni-Co con-
tent (AerMet R©100) can improve both the tensile properties and fatigue
life, as compared to those produced by the low alloy steel powder (AISI
4340).
• Post heat treatment demonstrated an increase in tensile properties and
fatigue life relative to those without post heat treatment.
• The mixed powders of AerMet R©100 + 316 SS (50% vol.) improved the
fatigue life, as compared to the grind-out substrate condition, which is
attributed to the ductile properties of the clad layer.
The repair of ultra-high strength steels requires further development to re-
store the fatigue properties. In this research, the mechanical properties of laser
cladding on ultra-high strength steel (AISI 4340) have been evaluated. Modify-
ing the powder composition has achieved improved tensile and fatigue prop-
erties, and further work on optimising the powder composition to improve
the mechanical properties of the clad layer, may provide further benefit. It
also seems likely that use of a post repair heat treatment process, preferably
localised to avoid dimensional distortion, which would reduce the hardness
and residual stresses in the clad layer and HAZ, provides the most promising
path to restore and possibly enhance the mechanical properties of damaged
ultra-high strength steel components.

7
FAT I G U E B E H AV I O U R O F L A S E R C L A D D I N G R E PA I R O F
A E R M E T R© 1 0 0 S U B S T R AT E
7.1 introduction
It is important to consider a different ultra-high strength steel as a candidate
for laser cladding repair, especially the steel that is widely used in future air-
craft components. Modern and future generation aircraft landing gear com-
ponents demands alloys with a combination of high strength, 1 9 0 0 MPa, and
high fracture toughness, 1 1 0 MPa
√
m [132]. AerMet R©100 was developed by
Carpenter Technology to meet these demands, thus replace the currently used
AISI 4340 and 300M to prolong the service life, in components such as the one
currently used in the F/A-22 landing gear [132]. This will allow better sustain-
ability and tolerance for stress corrosion cracking [130]. Although improved
mechanical properties as compared to AISI 4340, stress corrosion cracking will
still be an issue and eventually the crack size will exceed the permissible limits,
leading to the replacement of AerMet R©100 components.
This chapter investigates the microstructure, tensile and fatigue behaviour
of laser cladding repair of AerMet R©100 cylindrical bar substrate. Optical mi-
crostructure, microhardness, tensile, fatigue life, and fracture results will be
presented comparing as-cladded repaired trial specimens against the un-damaged
substrate material. These results present the challenges of repairing secondary
hardened ultra-high strength steels.
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7.2 macrostructure
The cross-section AerMet R©100 steel clad layer showed no micro-cracking with
a good fusion bond (Figure 7.1). However, inter-run porosity was an issue near
the start of the clad tracks, then disappeared after the 8th overlapping track
(Figure 7.1a). Inter-run porosity was formed at the overlapping region because
the dilution was too low causing insufficient melting at the side of the clad layer
[46]. Dilution increased as the number of clad tracks increased (right to left in
Figure 7.1a), and hence eliminating inter-run porosity after a certain number
of overlapping tracks. The entire volume of the substrate is heat affected which
is caused by its small thermal mass causing an over extended HAZ.
(a) Longitudinal view (b) Close up view of inter-run porosity
(c) Traverse view
Figure 7.1: Cross-section view of AerMet100 R© clad on 7 mm diameter AerMet R©100
substrate with a 0.7 mm grind-out
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7.3 microstructure
The formation of the prior austenite grain boundary in the AerMet R©100 clad
and HAZ are similar to the cladding of AISI 4340 steel. Columnar austenite
grains are formed in the clad layer Figure 7.2a. The upper HAZ, adjacent to
the clad interface, shows coarsening of the grain boundary Figure 7.2b. Packets
of lath martensite are observed within the grain boundaries. For AerMet R©100,
a typical Fe-Ni lath martensitic structure is formed [132]. Even at the centre
of the specimen, the microstructure was coarser as compared to the substrate
(Figure 7.2c), owing to the fact that the entire substrate was heat affected dur-
ing the cladding process. The original substrate consists of fine tempered and
hardened martensite structure (Figure 7.2d).
(a) Clad layer (b) Upper HAZ
(c) Lower HAZ (d) Original substrate
Figure 7.2: Microstructure evolution of AerMet R©100 as-clad
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7.4 microhardness
The clad hardness was approximately 520 Hv, while across the HAZ was 530-
550 Hv which was 10% below the substrate hardness of 580 Hv, as shown in
Figure 7.5. The reduced hardness in the HAZ is due to the coarsening of the
microstructure caused by unpinning of austenite grain boundaries at high heat-
ing temperatures [48]. The hardness was not recovered to the substrate level
owing to the fact that the entire substrate was heat affected during the cladding
process due to the small thermal mass causing an over extended HAZ.
Figure 7.3: Vertical microhardness profile comparison of AerMet R©100 substrate and
as-clad conditions, measured relative from the top of the clad layer
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7.5 residual stress
For stress measurements, a 30 mm test section was used. Figure 7.4a shows
that a compressive residual stress between 200 to 450 MPa is produced in the
hoop direction in the AerMet R©100 clad region. A sharp translation into tension
residual stress is observed at the clad interface. For all three stress components,
a maximum tensile residual stress of 100 MPa is observed in the substrate, as
shown in Figure 7.4b and Figure 7.4c.
(a) Hoop stress (b) Radial stress
(c) Axial stress
Figure 7.4: Residual stress profile for AerMet R©100 as-clad
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7.6 tensile properties
Tensile properties showed yield strength was reduced by 37%, UTS reduced
by 13%, and elongation reduced by 57% (Table 7.1); as compared to the sub-
strate. The reduced tensile properties were a result of inter-run porosity and
increased brittleness from the as-quenched lath martensite. The coarsening of
the microstructure (reduces hardness and yield strength [122, 123]) and for-
mation of columnar grains may have also played an important factor on the
reduced tensile properties.
Figure 7.5: Stress strain curve of the axial tensile testing of AerMet R© 100 substrate and
as-clad conditions. The end points represent the point of fracture
Table 7.1: Comparison of the tensile properties of AerMet R© 100 substrate and as-clad
conditions
0.2% yield UTS Elongation
(MPa) (MPa) (%)
Aermet100 un-damaged 1615.0 ± 30 1914.0 ± 9 15.8 ± 0.9
Aermet100 repaired 1009.0 ± 90 1655.3 ± 90 6.8 ± 0.2
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7.7 fatigue life
Figure 7.6 shows that the fatigue life of the as-clad specimens was reduced
significantly at all stress levels tested, as compared to the substrate. See Sec-
tion B.2 for further details on the fatigue test data. At high stress levels (1500
MPa), the as-clad failed at an average life of 2, 654 cycles, as compared to the
substrate which failed at an average life of 25, 049 cycles. At low stress levels
(700 MPa), the as-clad is expected to run-out, however failure occurred at an
average of 664, 780 cycles. Premature fatigue failure was a result of a combina-
tion of high stress concentration from inter-run porosity and adversely-affected
microstructure in the clad layer and HAZ.
Figure 7.6: Fatigue life curve of the of AerMet R©100 substrate and as-clad conditions
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7.8 fractography observations
For the 1500 MPa stress level, the fracture appearance showed possible delami-
nation (Figure 7.7a), which was due to the poor bonding and inter-run porosity
near the beginning of the clad layer. Very little fatigue fracture was observed,
which suggests an overload failure occurred. A distinct difference in fracture
modes between the clad layer and HAZ is shown in Figure 7.7b. The frac-
ture mode in the clad layer was primarily micro-void coalescence (Figure 7.7c),
while the fracture mode in the HAZ consisted of quasi-cleavage (Figure 7.7d).
The ductile fracture was attributed to the high nickel content leading to the
formation of Ni-Fe martensite.
(a) Fracture surface appearance (b) crack initiation site
(c) Fracture mode in the clad layer (d) Fracture mode in the HAZ
Figure 7.7: SEM images of AerMet R©100 as-clad fatigue specimen failed at 1, 708 cycles
at 1500 MPa maximum cyclic load
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For the 700 MPa stress level, Figure 7.8a clearly shows a typical "fish eye"
appearance, where the crack initiated internally at the inter-run porosity zone
near the interface and then radiated outwards (Figure 7.8b). The fracture ap-
pearance shows three distinct zones of crack propagation, which could repre-
sent mode I, II, III of fatigue crack propagation. Figure 7.8c shows that the
fracture mode I, near the crack initiation site consisted of tearing topogra-
phy surface (TTS), which is a micro-plastic tearing and often associated with
overload and fatigue [129]. Fracture mode II is typical micro-void coalescence
(Figure 7.8d). Fracture mode III indicates the region where unstable fracture
occurred.
(a) Fracture surface appearance (b) crack initiation site
(c) Mode I failure (d) Mode II failure
Figure 7.8: SEM images of AerMet R©100 as-clad fatigue specimen failed at 688, 525 cy-
cles at 700 MPa maximum cyclic load
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7.9 discussion
7.9.1 Influence of porosity
The major cause of the reduced fatigue life is due to the presence of inter-run
porosity (Figure 7.1b). At low stress levels (700 MPa), pre-mature crack initia-
tion occurred internally, near the interface, and at the porosity sites. The limited
heat input allowed for such small substrate thickness caused major processing
issues with inter-run porosity observed. Future work should investigate laser
cladding on larger diameter specimens, which will provide the main benefit of
allowing the process to use a suitable heat input that produces a clad layer with
no inter-run porosity. Due to the fracture sensitive nature of these steels, any
stress concentration would lead to a reduction in fatigue life. It seems reason-
able to assume that if inter-run porosity was eliminated, the fatigue life of the
as-clad specimens would improve. The compressive residual stress produced
in the AerMet R©100 clad layer (Figure 7.4), and this is expected to provide some
resistance to crack development and propagation.
7.9.2 Influence of microstructure
It has been established that martensite transformation occurs during laser
cladding process, which is evident in the micrographs and the formation of
Ni-Fe lath martensite in the clad layer (Figure 7.2a) and HAZ regions (Fig-
ure 7.2b). AerMet R©100 is known as a secondary hardening steel, where the
strength and toughness are achieved from precipitated M2C carbides in the Ni-
Fe lath martensitic microstructure by overage tempering at 482 oC for 5 hours
[130]. However, the time spent at that specific temperature range during laser
cladding process is too short for precipitation hardening. The heat treatment of
AerMet R©100 is critical to achieve the optimum strength and toughness [132].
Without the overage tempering process, the properties will result in very low
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ductility and toughness [132], which is evident in Table 7.1.
Post-clad heat treatment (PCHT) will be crucial for AerMet R©100 where the
secondary hardening mechanism can be utilised. Future work should involve
the analysis of the effect of PCHT by standard overage heat treatment at 482
oC for 5 hours. This heat treatment should allow secondary hardening pre-
cipitation to form M2C carbides from the lath martensite formed in the clad
layer and HAZ during laser cladding. An increased strength and toughness are
likely to result, and may benefit the fatigue behaviour as compared to the as-
clad samples. The high nickel and cobalt alloy provides a combination of high
fracture toughness and fatigue resistance. The microstructure of the substrate
during PCHT will be unaffected since the bulk material has already completed
the overage tempering during the initial heat treatment to obtain the original
microstructure.
7.9.3 Influence of substrate thickness
As discussed above, the small substrate thickness was a major issue during the
experiments causing over heating of the substrate. The over-extended HAZ
changed the microstructure of the entire cross-sectional area of the substrate.
Cladded materials that are not over-heated consists of the usual clad, small
HAZ, and substrate region. However, in this study, the as-clad specimen con-
sisted of clad and HAZ only. This was attributed to a low thermal mass and the
characteristics of cladding on a rotating cylindrical bar causing heat to be con-
ducted into the centre of the specimen. It is also likely that the microstructure
formation would be different, as compared to cladding on a larger diameter
substrate that will retain its heating extraction capacity [104]. The difference in
microstructure would be due to the variation of heating and cooling rates.
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7.10 summary
Laser cladding repair of AerMet R©100 powder on AerMet R©100 steel resulted in
the following:
• The fatigue life was reduced mainly due to the presence of inter-run
porosity
• Yield strength of the as-clad was reduced by 37%, UTS reduced by 13%,
and elongation reduced by 57%.
• Failure modes include tearing topography surface and micro-void coales-
cence.
Future work should investigate further optimising the laser parameters to
completely eliminate inter-run porosity. To reduce the HAZ and limit the ad-
verse effect of the microstructure on the mechanical properties, future speci-
mens should be prepared on a larger test section diameter of 20 mm, in com-
parison to the 5.8 mm diameter used in this investigation. Post heat treatment
should be applied to the clad samples to obtain a controlled microstructure
and improved the fatigue behaviour of AerMet R©100 steel.
Part V
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C O N C L U S I O N S & F U T U R E R E C O M M E N D AT I O N S
8.1 conclusions
This study has investigated the laser cladding repair of ultra-high strength
steel, AISI 4340 and AerMet R©100 and their microstructure and fatigue be-
haviour.
A simple statistical and mathematical model was developed to understand
(1) the effect of the processing parameters on clad quality and (2) the relation-
ship between the formation of clad geometry in single and multi-track laser
cladding. The following are the key findings:
1. The laser cladding process can produce a smooth clad with a good met-
allurgical bond. The only major issue with laser cladding of ultra-high
strength steel is the inter-run porosity, which can be eliminated by opti-
mising the laser cladding parameters. No micro-cracking was observed
in the clad layer. This was believed to be due to a compressive residual
stress produced in the clad layer.
2. The processing parameters have a major effect on the quality of the clad
layer. Changing one parameter can cause a dramatic change to the quality,
such as promoting porosity and insufficient fusion bond.
3. The processing parameters have been optimised for the laser cladding of
AISI 4340 powder on AISI 4340 substrate. These are laser power = 1250
W, powder flow rate = 12.5 g/min, laser traverse speed = 1000 mm/min,
and laser spot size = 2.5 mm.
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Thermal FE analysis and microscopy was conducted to determine the phase
transformation and microstructure evolution in the laser cladding of AISI 4340
clad on AISI 4340 substrate. The predicted temperature history and hardness
showed good agreement with the experimental values. The effect of processing
parameters, such as substrate thickness and heat input, on the thermal history
and hardness, was investigated The following are the key findings:
1. The clad layer primarily consists of fine columnar austenitic dendrites
and martensitic structure, while the HAZ contained coarse lath marten-
sitic structure. The phase transformation showed austenite to martensite
transformation.
2. A tempering effect is observed causing linear waves of hardness across
the clad layer, where the final hardness is dictated by the tempering tem-
perature.
3. The phase transformation of austenite to martensite can be controlled by
increasing the deposition path and substrate thickness.
The effect of laser cladding on mechanical properties and fatigue perfor-
mance has been investigated. Five laser cladding variables were tested and
compared to the the original substrate. This research has demonstrated the
following:
1. The tensile properties and fatigue life of the AISI 4340 clad on AISI 4340
substrate are degraded compared to the substrate material. The primary
reason for the degraded fatigue life are the very hard and brittle proper-
ties in the clad layer and HAZ region. AISI 4340 is also a fracture sensitive
material, so any irregularities will cause a premature failure. The fracture
initiated at the top of the clad layer. Intergranular fracture along the prior
austenite grain boundary was the main fracture mode causing a very
rapid failure.
2. Using a secondary hardened steels (AerMet R©100) as the clad layer can
greatly increase the fatigue life, as compared to AISI 4340 clad. The in-
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creased fatigue life is attributed to the reduced carbon content (reducing
hardness) of AerMet 100 which gave the clad layer better ductile proper-
ties. In addition, the high nickel and cobalt content in Aermet 100 forms
Fe-Ni lath martensite in the microstructure that promotes ductile fracture.
3. Since the as-clad is a composite like structure, as a consequence of the
reduced strength in the softer grade steels, the clad layer will yield first.
However, softer grade steels have very high elongation and a good ca-
pacity for work hardening, and with the assistance of the compressive
stress generated in the clad layer, would lead to a more uniform stress
re-distribution in the HAZ and substrate.
4. Post heat treatment demonstrated an increase in fatigue life relative to
that without post heat treatment.
5. The fatigue life of 50% 316 stainless steel + 50% AerMet R©100 clad was im-
proved, as compared to both PHT and AerMet R©100 conditions, as well as
grind-out substrate condition. The increase in fatigue life was attributed
to the ductile properties of these austenite steels in the clad layer. The re-
sults indicate that if the composition of the clad material is manipulated,
the fatigue life can be improved further.
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8.2 significance of the contribution
Reports on the fatigue performance of laser clad materials are very limited in
the literature. Laser cladding on the fatigue critical components is new, espe-
cially for fatigue critical aircraft components such as landing gears. The major
contributions of this research are as follow:
1. This research provides a fundamental knowledge for the potential imple-
mentation of laser cladding repair for aircraft landing gear.
2. The effect of laser cladding on phase transformation and microstructure
evolution in ultra-high strength steels has been understood. It was ob-
served that a number of processing parameters has a major influence on
the final microstructure and hardness of the clad repair.
3. New data on the effect of laser cladding on fatigue and fracture behaviour
of ultra-high strength steels has been generated.
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8.3 future recommendations
The repair of ultra-high strength steels requires further development in order
to restore the fatigue properties. The challenge is to improve and optimise the
mechanical properties of the clad layer and HAZ regions.
1. Since the control of thermal cycling during the cladding process is limited,
manipulating the powder composition offers opportunities for improving
the overall tensile and fatigue properties. The carbon content plays a very
important role in controlling the strength and brittleness of martensitic
high strength steels. Using softer grades of high strength steels for the
clad material, such as HY 180 (carbon content of 0.10 wt%) and AF 1410
(carbon content of 0.15 wt%), with the composition shown in Table 8.1,
may provide further improvement of the fatigue properties.
Table 8.1: Chemical composition (in wt%) for the high strength steels that can be used
as the clad layer to improve the overall fatigue behaviour of AISI 4340 sub-
strate, as provided by the suppliers
C Ni Cr Mo V Co Fe
AISI
4340
0.4 1.69 0.72 0.28 0.05 − Bal.
AerMet R©
100
0.25 11.2 3.1 1.28 − 14.0 Bal.
AF
1410
0.16 10.0 2.0 1.0 − 14.0 Bal.
HY
180
0.1 10.0 2.0 1.0 − 8.0 Bal.
Ferrium
M54
0.3 10.0 1.0 2.0 0.1 7.0 Bal.
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2. The other approach is to use ultra-high strength steels as the clad layer
with material properties of higher fracture toughness and high fatigue
resistance, such as Ferrium M54.
3. Post-clad heat treatment (PCHT) is crucial since the mechanical proper-
ties of high strength steel are highly dependent on the heat treatment
process. Controlling the tempering temperature (100 - 600 oC depending
on the ultra-high strength steel) will retain the optimum strength and
ductility, especially for secondary hardening high strength steels.
4. The dimensional limits of aircraft components requires absolute precision.
The major problem with post clad heat treatment is inducing dimensional
distortion of the component. Even a small change in dimension (in the
sub microns) will cause issues with fitting of the components. Therefore,
the use of a post repair heat treatment process, preferably localised, be-
comes very attractive, as shown in Figure 8.1. The advantages of PCHT
include: (1) the bulk material will be unaffected, but only the microstruc-
ture and material properties of the clad layer and HAZ will be altered
and (2) avoid dimensional distortion. The approach is to use the laser
beam to heat the clad layer to a required tempering temperature. A very
large spot size and low power should be used for a consistent heat treat-
ment. A thermal sensor can be used to monitor the surface temperature.
The laser power can be adjusted accordingly to correct the temperature to
the required value. For AISI 4340 steel, tempering of the martensite is in-
dependent of the time spent at the tempering temperature. However, for
AerMet R©100, local PCHT is more complex since the tempering process
involving precipitation hardening is dependent on time. The local PCHT
of AISI 4340 should take place at a lower temperature than the tempering
temperature of the previous heat treatment. Local PCHT will provide the
most promising path to restore and possibly increase the fatigue proper-
ties of damaged ultra-high strength steel components back to a minimum
safety level.
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(a) Temperature distribution (b) Approximate temperature history in the clad
layer
Figure 8.1: Potential investigation of local post-clad heat treatment. Processing param-
eters: Power = 100 W, traverse speed = 50 mm/min, beam diameter = 5.0
mm
5. No surface treatments were applied on the laser clad repaired fatigue
specimens. For future investigations, surface treatments such as shot peen-
ing, nitriding, and deep surface rolling, may provide further improve-
ment of the fatigue properties.
6. The process of laser cladding needs to be further developed. The small
substrate sizes used in this research, especially for AerMet R©100, produces
a large HAZ and a thermal history that is different, as compared to larger
substrate size. As a result, the microstructure and fatigue behaviour will
vary. In future work, to resolve the overheating issue, a larger size sub-
strate should be used, one that is similar to the actual component. How-
ever, the dimensions must also be within the specifications of axial fatigue
testing.
7. For the repair technology to be used on damaged components, a strict
certification plan must be followed, especially for aircraft components,
where the risks can be damaging. The certification process is shown in
Figure 8.2, with the detailed description summarised in Liu et al. [17].
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Figure 8.2: Process for the certification plan for laser cladding technology [17]
In stage I, lab demonstration uses suitable small scale material and a
range of basic tests based on the requirement of the component. The re-
sults must show a positive performance of the as-repaired condition, as
compared to the substrate condition. The dimensions of the substrate con-
dition should be similar to a common damage design scenario where the
component is replaced. The results of this thesis provides the foundation
of the stage I lab demonstration.
In stage II, an assessment of laser cladding is performed on actual aircraft
components. Test plans are conducted under industrial conditions where
the potential risks are properly identified. If the repair meets the certifi-
cation standards of the component, then the technology can be approved
for industrial implementation (Stage III).
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Part VII
A P P E N D I X

A
C L A D G E O M E T RY D ATA
For both AISI 4340 powder on AISI 4340 substrate (Table A.1) and AerMet 100
powder on AerMet 100 substrate, the cross-section clad geometry was mea-
sured manually using an optical microscope and image processing software
(ImageJ). The schematic of the cross-section of the clad is shown in Figure A.1.
Each clad was allowed to cool down to room temperature before initiating the
next clad, and was spaced out approximately 5.0 mm.
Figure A.1: Schematic of the geometry measured in a single track clad
Figure A.2: Macro-view of the AerMet R©100 steel single track clad layer on
AerMet R©100 13.5 mm diameter round bar substrate
201
202 clad geometry data
Table A.1: Measured geometric values for AISI 4340 steel single track clad layer on
AISI 4340 flat plate substrate with a 7.0 mm thickness (*detached clad layer)
P V m˙ D CH CW CD
W mm/min g/min mm mm mm mm
500 600 10 2.5 0.3 0.93 0.0∗
500 1000 10 2.5 0.18 0.76 0.036
500 1400 10 2.5 0.09 0.68 0.0∗
1000 600 10 2.5 0.43 1.83 0.123
1000 1000 10 2.5 0.28 1.6 0.1
1000 1400 10 2.5 0.19 1.43 0.09
1500 600 10 2.5 0.52 2.4 0.5
1500 1000 10 2.5 0.36 2.3 0.38
1500 1400 10 2.5 0.26 2.0 0.34
500 1000 20 2.5 0.32 0.85 0.0∗
500 1400 20 2.5 0.27 0.7 0.0∗
1000 600 20 2.5 0.84 2.1 0.04
1000 1000 20 2.5 0.5 1.9 0.04
1000 1400 20 2.5 0.35 1.7 0.06
1500 600 20 2.5 1.1 2.7 0.19
1500 1000 20 2.5 0.65 2.2 0.16
1500 1400 20 2.5 0.48 1.9 0.18
500 600 30 2.5 0.46 1.22 0.0∗
500 1000 30 2.5 − − −
500 1400 30 2.5 0.39 0.7 0.0∗
1000 600 30 2.5 0.8 2.04 0.0∗
1000 1000 30 2.5 0.48 1.55 0.05
1000 1400 30 2.5 0.38 1.5 0.05
1500 600 30 2.5 0.87 2.6 0.37
1500 1000 30 2.5 0.6 2.55 0.28
1500 1400 30 2.5 0.52 2.3 0.23
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Table A.2: Measured geometric values for AerMet R©100 steel single track clad layer on
a 13.5 mm diameter AerMet R©100 substrate cylindrical substrate
P V m˙ D CH CW CD
W mm/min g/min mm mm mm mm
500 600 10 2.5 0.26 1.31 0.03
500 1000 10 2.5 0.13 0.75 0.03
500 1400 10 2.5 0.046 0.68 0.015
1000 600 10 2.5 0.41 2.27 0.135
1000 1000 10 2.5 0.24 1.8 0.15
1000 1400 10 2.5 0.22 1.62 0.13
1500 600 10 2.5 0.65 2.78 0.36
1500 1000 10 2.5 0.45 2.59 0.29
1500 1400 10 2.5 0.27 2.4 0.29
500 1000 20 2.5 0.15 0.71 0.0
500 1400 20 2.5 0.02 0.2 0.0
1000 600 20 2.5 0.86 2.08 0.0
1000 1000 20 2.5 0.44 1.79 0.05
1000 1400 20 2.5 0.32 1.54 0.04
1500 600 20 2.5 1.01 2.8 0.3
1500 1000 20 2.5 0.62 2.36 0.15
1500 1400 20 2.5 0.46 2.3 0.15
500 600 30 2.5 0.69 0.74 0.0∗
500 1000 30 2.5 14 0.65 0.0∗
500 1400 30 2.5 0.04 0.1 0.0∗
1000 600 30 2.5 1.3 1.96 0.0∗
1000 1000 30 2.5 0.65 1.68 0.0∗
1000 1400 30 2.5 0.44 1.5 0.03
1500 600 30 2.5 1.52 2.736 0.0∗
1500 1000 30 2.5 0.81 2.49 0.065
1500 1400 30 2.5 0.56 2.2 0.1

B
FAT I G U E D ATA
b.1 aisi 4340 steel substrate
This appendix shows the raw data for the constant amplitude fatigue testing
of laser clad specimens on the AISI 4340 substrate. The dimensions of the dog-
bone fatigue specimen were determined in accordance with ASTM standard
E466.
(a)
(b) Dimensions of dog-bone specimens
Figure B.1: Manufacturing of the AISI 4340 steel dog-bone specimens
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Table B.1: Constant amplitude fatigue test result of the original substrate of AISI 4340
steel (*Tests were stopped at the respective number of cycles)
Stress Width Thickness Area Load
max
Load
min
Fatigue
life
MPa mm mm mm2 kN kN Cycles
1400 7.1 6.97 49.5 69.28 6.93 17, 461
1400 7.12 6.93 49.34 69.07 6.91 20, 033
1200 7.1 6.99 49.63 59.55 5.95 27, 539
1200 7.09 6.93 49.06 58.87 5.89 32, 672
1000 7.15 6.95 49.69 49.69 4.97 57, 534
1000 7.11 6.97 49.49 49.49 4.95 74, 582
1000 7.06 6.98 49.28 49.28 4.93 73, 866
1000 7.07 6.95 49.13 49.13 4.91 131, 138
900 7.05 6.98 49.21 44.23 4.42 80, 649
900 7.08 6.95 49.21 44.23 4.42 98, 356
810 7.08 6.94 49.13 39.8 3.98 2, 000, 000∗
800 7.1 6.93 49.2 39.36 3.94 5, 000, 000∗
Figure B.2: Fracture surface and appearance of the original substrate of AISI 4340 steel
at 1200 MPa maximum stress load
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(a) 1200 MPa (b) 800 MPa
Figure B.3: Fracture surface and appearance of the original substrate of AISI 4340 steel
with a 0.7 mm grind-out
Table B.2: Constant amplitude fatigue test result of the original substrate of AISI 4340
steel with 0.7 mm grind-out using R = 0.1 and frequency = 10 Hz
Stress Width Thickness Area Load
max
Load
min
Fatigue
life
MPa mm mm mm2 kN kN Cycles
1400 7.08 6.99 49.49 69.28 6.93 3, 140
1200 7.15 6.94 49.62 59.54 5.95 12, 417
1200 7.05 6.98 49.21 59.05 5.91 10, 676
1200 7.1 6.93 49.2 59.04 5.9 8, 465
1000 7.12 6.91 49.2 49.2 4.92 12, 923
1000 7.05 6.94 48.93 48.93 4.89 13, 938
1000 7.08 6.95 49.21 49.21 4.92 12, 173
1000 7.09 6.91 48.99 48.99 4.9 16, 500
800 7.15 6.93 49.55 39.64 3.96 23, 724
800 7.1 6.93 49.2 39.36 3.93 37, 018
800 7.06 6.92 48.85 39.08 3.91 32, 391
600 7.09 6.93 49.13 29.48 2.95 110, 563
600 7.14 6.91 49.34 29.6 2.96 56, 008
600 7.08 6.97 49.35 29.61 2.96 87, 386
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Table B.3: Constant amplitude fatigue test result of AISI 4340 as-clad using R = 0.1 and
frequency = 10 Hz
Stress Width Thickness Area Load
max
Load
min
Fatigue
life
MPa mm mm mm2 kN kN Cycles
1200 7.07 6.91 48.85 58.62 5.86 150
1200 7.15 6.94 49.62 59.54 5.95 221
1200 7.15 7.01 50.33 60.4 6.04 424
1000 7.09 6.99 49.56 49.56 4.96 230
1000 7.05 6.92 48.79 48.79 4.88 1, 116
1000 7.05 6.89 48.57 48.57 4.85 609
800 7.11 6.97 49.55 39.64 3.96 6, 209
800 7.1 6.89 48.92 39.14 3.91 1, 481
800 7.06 6.93 48.93 39.14 3.91 9, 053
600 7.08 6.95 49.21 29.52 2.95 15, 146
600 7.07 7.04 49.77 29.86 2.98 16, 222
600 7.11 6.96 49.48 29.69 2.97 21, 042
(a) 1200 MPa (b) 800 MPa
Figure B.4: Fracture surface and appearance of AISI 4340 as-clad
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Table B.4: Constant amplitude fatigue test result of AISI 4340 as-clad + PCHT using R
= 0.1 and frequency = 10 Hz
Stress Width Thickness Area Load
max
Load
min
Fatigue
life
MPa mm mm mm2 kN kN Cycles
1200 7.15 6.91 49.41 59.23 5.93 5, 664
1200 7.09 6.92 49.06 58.87 5.89 4, 316
1200 7.1 6.95 49.34 59.21 5.92 4, 577
1000 7.13 7.00 50.26 52.06 5.21 8, 242
1000 7.05 6.95 49.55 49.55 4.95 6, 982
1000 7.15 7.00 50.05 50.05 5.05 8, 524
800 7.13 6.91 49.27 39.41 3.94 10, 445
800 7.06 6.97 49.21 39.36 3.93 18, 515
800 7.02 6.91 48.91 38.81 3.88 17, 404
600 7.07 6.93 48.99 29.39 2.94 39, 875
600 7.1 6.92 49.13 29.48 2.95 28, 033
600 7.11 6.96 49.34 29.61 2.96 42, 055
(a) 1200 MPa (b) 800 MPa
Figure B.5: Fracture surface and appearance of AISI 4340 + PHT as-clad
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Table B.5: Constant amplitude fatigue test result of AerMet R©100 as-clad using R = 0.1
and frequency = 10 Hz
Stress Width Thickness Area Load
max
Load
min
Fatigue
life
MPa mm mm mm2 kN kN Cycles
1200 7.08 6.93 49.06 58.88 5.89 3, 492
1200 7.05 6.90 48.65 58.37 5.84 1, 706
1200 7.13 6.93 49.41 59.29 5.93 2, 605
1000 7.1 6.92 49.13 49.13 4.91 9, 556
1000 7.09 6.94 49.2 49.2 4.92 13, 842
1000 7.08 6.93 49.06 49.06 4.91 11, 405
800 7.08 6.93 49.06 39.25 3.93 29, 394
800 7.08 6.88 48.71 38.97 3.9 34, 338
800 7.06 6.9 48.85 39.08 3.91 41, 239
(a) 1200 MPa (b) 800 MPa
Figure B.6: Fracture surface and appearance of AerMet R©100 as-clad
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Table B.6: Constant amplitude fatigue test result of AerMet R©100 as-clad + PHT using
R = 0.1 and frequency = 10 Hz
Stress Width Thickness Area Load
max
Load
min
Fatigue
life
MPa mm mm mm2 kN kN Cycles
1200 7.08 7.05 49.91 59.9 5.99 14, 615
1200 7.07 6.95 49.14 58.96 5.9 12, 851
1200 7.04 7.01 49.35 59.22 5.92 10, 610
1000 7.06 7.06 49.84 49.84 4.98 18, 720
1000 7.09 7.06 50.06 50.06 5.01 23, 711
1000 7.1 6.96 49.42 49.42 4.94 27, 174
800 7.09 7.05 49.98 39.99 3.99 48, 132
800 7.09 7.07 50.12 40.1 4.01 44, 826
800 7.12 6.97 49.63 39.7 3.97 49, 826
600 7.12 7.00 49.28 29.57 2.96 313, 876
600 7.04 7.01 49.35 29.61 2.96 427, 384
600 7.08 6.95 49.21 29.52 2.95 390, 468
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Table B.7: Constant amplitude fatigue test result of AISI 316 SS as-clad using R = 0.1
and frequency = 10 Hz
Stress Width Thickness Area Load
max
Load
min
Fatigue
life
MPa mm mm mm2 kN kN Cycles
1200 7.01 6.95 49.7 58.46 5.84 7, 104
1200 7.07 7.02 49.63 59.56 5.96 9, 261
1200 7.04 6.96 48.99 58.8 5.88 6253, 610
1000 7.07 7.03 49.7 49.7 4.97 12, 711
1000 7.05 7.03 49.63 49.63 4.96 11, 281
800 7.07 7.04 49.77 39.82 3.98 27, 778
800 7.05 6.99 48.27 39.42 3.94 34, 777
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Table B.8: Constant amplitude fatigue test result of 50% AISI 316 SS + 50%
AerMet R©100 as-clad using R = 0.1 and frequency = 10 Hz
Stress Width Thickness Area Load
max
Load
min
Fatigue
life
MPa mm mm mm2 kN kN Cycles
1200 7.07 7.06 49.91 59.9 5.99 14, 615
1200 7.04 7.01 49.35 59.22 5.92 12, 563
1200 7.1 6.98 49.56 59.47 5.95 18, 312
1000 7.08 7.05 49.91 49.91 4.99 33, 618
1000 7.07 6.95 49.93 49.13 4.91 28, 375
800 7.06 7.06 49.84 39.87 3.99 55, 706
800 7.09 7.06 50.06 40.04 4.0 54, 772
800 7.07 7.03 49.7 39.76 3.98 63, 178
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b.2 aermet R©100 steel substrate
This appendix shows the raw data for the constant amplitude fatigue testing of
laser clad specimens. The dimensions of the fatigue specimen were determined
in accordance with ASTM standard E466, as shown in Figure B.7.
(a) Macro-image and surface finish of the fatigue specimens for
AerMet R©100
(b) Dimensions of fatigue specimens
Figure B.7: Manufacturing of the AerMet R©100 specimens
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Table B.9: Constant amplitude fatigue test result of the original substrate of
AerMet R©100 cylindrical bar using R = 0.1 and frequency = 10 Hz
Stress Diameter Area Load max Load min Fatigue
life
MPa mm mm2 kN kN Cycles
1704 6.84 36.73 62.62 6.26 4, 620
1700 6.85 36.83 62.62 6.26 5, 406
1685 6.88 37.16 62.62 6.26 6, 379
1558 6.88 37.16 55.9 5.59 34, 358
1549 6.84 36.73 55.9 5.59 15, 977
1500 6.89 37.27 55.9 5.59 24, 816
1304 6.83 36.62 47.77 4.78 94, 940
1300 6.84 36.73 47.77 4.78 178, 903
1296 6.85 36.83 47.77 4.78 70, 733
1152 6.85 36.83 42.45 4.25 2, 527, 138
1152 6.89 37.27 42.45 4.25 1, 254, 859
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Table B.10: Constant amplitude fatigue test result of AerMet R©100 clad on AerMet R©100
cylindrical bar substrate using R = 0.1 and frequency = 10 Hz
Stress Diameter Area Load max Load min Fatigue
life
MPa mm mm2 kN kN Cycles
1508 6.78 36.08 54.45 5.45 1, 812
1499 6.81 36.4 54.45 5.45 4, 443
1495 6.8 36.09 54.45 5.45 1, 708
1300 6.8 36.3 47.13 4.71 7, 322
1300 6.8 36.3 47.13 4.71 1, 868
1296 6.81 36.4 47.13 4.71 4, 826
902 6.79 36.2 32.67 3.28 38, 120
900 6.8 36.3 32.67 3.28 21, 916
895 6.82 36.5 32.67 3.28 8, 143
807 6.78 36.1 29.13 2.91 64, 866
800 6.81 36.4 29.13 2.91 98, 243
798 6.82 36.5 29.13 2.91 222, 854
699 6.8 36.3 25.41 2.54 862, 386
699 6.81 36.4 25.41 2.54 688, 525
697 6.8 36.4 25.41 2.54 222, 854
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Figure B.8: Fracture appearance of the AerMet R©100 as-clad

C
R E S I D U A L S T R E S S M E A S U R E M E N T S
c.1 aisi 4340 substrate
This section of the appendix shows the calculations for the residual stress from
the neutron strain measurements of the AISI 4340 substrate. A wavelength
of 1 .67 Å and a diffraction from Fe {211} plane, was used for the monochro-
matic neutron beam resulting in a scattering angle (2θ) approximately 90o.
Using Bragg’s law (Equation C.1), for each of the perpendicular directions (R,
T, and N), and each point, the d-spacing (d) is obtained from an average of
five neutron diffraction peaks from a gauge volume of 0 .5 x 0 .5 x 20 mm3.
The measured d-spacing (d) from the neutron diffraction peaks are shown in
Figure C.1 to Figure C.5.
λ = 2dsinθ (C.1)
The sin2ψ method was used to calculate the residual stress and assumes
that the prepared sample is under bi-axial stress state. Therefore, the stresses
in the two in-plane direction (R and T) are similar. A trial measurement also
confirmed that the d-spacing was similar for both R and T.
The stress free lattice spacing(dhklo ) and the resultant stress (σT ) is calculated
using the sin2ψ method, from Equation C.2 and Equation C.3 respectively, as-
suming isotropic planar stress condition in the direction normal to the surface.
The calculated values are shown in Figure C.6 to Figure C.10.
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d
{211}
o =
1
2 S
{211}
2 + 2S
{211}
1
1
2 S
{211}
2
· dN −
S
{211}
1
1
2 S
{211}
2
(dR + dT ) (C.2)
σT =
dT − dN
do · 12 S
{211}
2
(C.3)
where, s{211}1 = −1.26x10
−6MPa−1 and 12s
{211}
2 = 5.72x10
−6MPa−1 are the
diffraction elastic constants, which are calculated given the elastic constants
E{211} = 224.6 GPa and v{211} = 0.28.
Finally, the resultant residual stress in the as-clad specimen is calculated by
subtracting the stress between the stress free sample (original substrate) and
the as-clad sample (Equation C.4). Note, only the stresses in the substrate re-
gion of the as-clad layer are subtracted from the stresses in the original sub-
strate.
σRS = σas-clad − σsubstrate (C.4)
(a) Longitudinal direction (b) Normal direction
Figure C.1: Measured d-spacing in the original substrate of AISI 4340
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(a) Longitudinal direction (b) Normal direction
Figure C.2: Measured d-spacing in AISI 4340 as-clad
(a) Longitudinal direction (b) Normal direction
Figure C.3: Measured d-spacing in AerMet R©100 as-clad
(a) Longitudinal direction (b) Normal direction
Figure C.4: Measured d-spacing in AISI 4340 as-clad + PHT
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(a) Longitudinal direction (b) Normal direction
Figure C.5: Measured d-spacing in AerMet R©100 as-clad + PHT
Figure C.6: Calculated lattice spacing (do) in the original substrate of AISI 4340
Figure C.7: Calculated lattice spacing (do) in the AISI 4340 as-clad
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Figure C.8: Calculated lattice spacing (do) in the AerMet R©100 as-clad
Figure C.9: Calculated lattice spacing (do) in the AISI 4340 as-clad + PCHT
Figure C.10: Calculated lattice spacing (do) in the AerMet R©100 as-clad +PCHT
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c.2 aermet R©100 substrate
For each of the three principle directions (Radial, hoop, and axial), and for each
point, the d-spacing is obtained from an average of five neutron diffraction
peaks from a gauge volume of 2 .0 x 2 .0 x 2 .0 mm3. The measured d-spacing
from the neutron diffraction peaks are shown in Figure C.11 and Figure C.12.
Figure C.11: Measured d-spacing in the original substrate of AerMet R©100
Figure C.12: Measured d-spacing in the AerMet R©100 clad specimen
The elastic strain () of the crystal lattice is calculated from the shift in diffrac-
tion peaks (Equation C.5 to Equation C.7).
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h =
dh − do
do
(C.5)
r =
dr − do
do
(C.6)
a =
da − do
do
(C.7)
where, d is the measured d-spacing and do is the stress free lattice spacing.
do is approximately 1.17672. Stress was calculated using Hook’s law, from the
resultant , and given the elastic constants E{211} = 224.6 GPa and ν{211} =
0.28 (Equation C.8 to Equation C.10).
σh =
E
1+ ν
[
h +
ν
1− 2ν
(h + r + a)
]
(C.8)
σr =
E
1+ ν
[
r +
ν
1− 2ν
(h + r + a)
]
(C.9)
σa =
E
1+ ν
[
a +
ν
1− 2ν
(h + r + a)
]
(C.10)
Finally, the residual stress was calculated by subtracting the stress between
the stress free sample (original substrate) and the as-clad sample (Equation C.4).
The gauge volume of 2.0 x 2.0 x 20 mm3 was too large for a statistically
accurate measurement in the clad layer, as evident in Figure C.12. In addition,
since the thickness of the clad layer is approximately 0.8 mm, only one point
could be measured within the clad layer. A revised gauge volume of 0.5 x 0.5
x 20 mm3 was used to obtain the d-spacing in the clad layer. Five points were
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measured. Due to time restrictions, only the hoop component was measured.
The sin2ψ method was used to calculate d0, as shown in Figure C.13.
Figure C.13: Calculated lattice spacing do of the hoop component in the AerMet R©100
clad layer
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